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INTRODUCTION 


Volume 15 deals primarily with the two 
important branches of physics—electro- 
magnetism, and heat and thermody- 
namics, 

Magnetic and electric phenomena have 
been known for centuries. Everyone 
knows that a compass needle always ro- 
tates to point towards the north pole, and 
most people marveled at the effects of 
static electricity while combing hair. Not 
until the nineteenth century, however, 
did an understanding of electricity and 
magnetism develop. Indeed, due mainly 
to the work of the Danish physicist Hans 
Christian Oersted, the French physicist 
André Marie Ampére, and the English 
physicist Michael Faraday, it was shown 
that these two areas, previously thought 
to be quite separate, were closely related 
—a changing electric current produces a 
magnetic field, and vice versa. The ulti- 
mate synthesis of all the then known 
experimental facts came in the 1870's 
when the Scottish physicist James Max- 
well derived a concise mathematical basis 
for electromagnetism in the form of four 
vector equations. The fundamental prin- 
ciples of such diverse topics as the elec- 
tric motor and generator, the transformer, 
electronic circuits, the transmission, prop- 
agation and reception of radio and tele- 
vision signals, radar and laser beams, are 
all embodied in Maxwells famous 
equations. 

One of the crucial features of Max- 
well’s theory was that electromagnetism 
is essentially a wave phenomenon, the 
theory being relevant in describing the 
character and properties of electromag- 
netic waves of all frequencies and wave- 
lengths. These waves figure significantly 
in many different branches of physics. 
Visible light is crucial to human exis- 
tence, but visible and ultraviolet light as 
well as x-rays belong basically to the area 
of atomic and molecular physics because 


sm 

these particular kinds of ele: ignetic 
waves are associated with tr ms be- 
tween electronic orbits withi s. The 
study of gamma rays provi iluable 
information about the struc of the 
core or nucleus of an ator long 
wavelength waves form the of the 
entire telecommunications sy radio, 
radar, and television. Thes "S are 
also being used to great advan in un- 
raveling the mysteries of th and 
have led, for example, to the t dis- 
covery of pulsars. 

Clearly, electromagnetic w: ure of 
fundamental importance in na Max- 
well’s equations are analogou New- 
ton’s definitive laws of motion gravi- 
tation in mechanics; on them vhole 
of electromagnetism rests, m this 
subject one of the best undi od in 
physics, 

The present volume also nines 
some phenomena of heat an rmo- 
dynamics. The behavior of bo: when 
heated and cooled, and how he rans- 
ferred, are of great practical ir ance 
in everyday life; indeed, it was the de- 
tailed investigation of these ryday 
events which led to the development of 


this particular branch of physics, culmi- 
nating in the basic laws of thermody- 
namics discussed in articles of this vol- 
ume, 

An even greater insight into thermal 
phenomena can be derived through the 
knowledge of the more fundamental 
structure of matter, namely its descrip- 
tion in terms of atoms and molecules. 
Thermodynamic quantities such as pres- 
sure and temperature can then be ex- 
pressed as statistical averages of certain 
atomic properties, thus bringing about a 
further great unification of apparently 
diverse areas of physics. 


Arcupatp W, Henpry, Ph.D. 
Assistant Professor of Physics, 
Indiana University 


THE ELECTROMAGNETIC 


SPECTRUM 


The light with which the sun floods the 
Earth enables man to perceive the shapes 
of the things that surround him, and also 
their colors and their textures. The eye, 
a superb detecting device, is sensitive to 
radiations from the sun known as 
light; other radiations, with char- 
acteristics analogous to those of light, 
are also emitted by the sun (and by 
other sources of energy) and are also 
pparent, directly or indirectly, to man. 
Described by scientists as electromag- 
netic radiations, these manifest a varia- 
tion of characteristics that shade into 
one another over the entire range of 
their activity—a range known as the elec- 
tromagnetic spectrum. 

Even within that relatively small part 
f the spectrum occupied by the kind 

vdiation known as visible light, dif- 

es appear as variations of color. 

is generally thought of as white 

t but a prism can break it into a 

nd of rainbow colors. (A rainbow is 

l by a water prism made up of mist, 

or raindrops.) The light that re- 

ilts in each of these colors has specific 

ties: yellow, for example, is more 

uous than violet; one color makes 

ong impression on photographic 

isions while another does not; some 

encourage plants and bacteria to 
grow while others stunt growth. 

Visible light is, by definition, that kind 
of radiation that is detected by the hu- 
man eye (see Illustration 6). The other 
kinds of radiation have properties that 
are equally distinctive. Cosmic rays, 
reaching Earth from a distant star, the 
glow from a sunlamp, the heat from a 
fireplace, a radar signal or television 
image—all are manifestations of the same 
phenomenon, electromagnetic radiation. 

Most of these types of radiation are 
essentially a rapid variation of electric 
and magnetic fields resulting from the 
displacement of electrons of atoms from 
a larger, outer orbit to a smaller, inner 
orbit. This displacement is always ac- 
companied by a release of energy of 
varying degree, which leaps outward at 
a constant, measurable velocity—about 
300,000 km per second (186,000 mi per 
second )—a velocity most familiar as the 
speed of light. 

The differences among the types of 
electromagnetic radiation can best be 
understood in terms of their wavelike 


those 


colors 


energy in the form of rays 


character, which is roughly comparable 
to that of ocean waves that eventually 
strike a shore. The distance between the 
crests of the waves may be relatively 
more or less; if the former, the radiations 
are called long waves, if the latter, short 
waves. Similarly, the number of waves 
passing a given point or striking some- 
where along the shore—given a constant 
rate of movement—would vary inversely; 
more short waves than long waves would 
pass that point in a given period of time. 
This can be stated in another way: 
shorter waves would pass that point with 
greater frequency. As a matter of fact, 
electromagnetic radiation is identified 
in terms of wavelength and frequency; 
the greater the wavelength might be, the 
lower the frequency. 


Physicists are concemed with the 
forces that release energy of varying in- 
tensities (manifested in varying wave- 
lengths and frequency ). Of great concern 
are the properties of each type of radia- 
tion: whether a given type of radiation, 
such as some radio waves, has difficulty 
penetrating other objects; whether a 
radiation penetrates only “transparent” 
objects (as do visible light and radiant 
heat); or whether it penetrates many 
opaque objects (as do x-rays and gamma 
rays). Physicists are also concerned with 
the reactions of bodies struck by radiant 
energy: how they absorb, reflect, or oth- 
erwise react to the impact. Finally, physi- 
cists are concerned with the problem of 
producing electromagnetic radiation arti- 
ficially, with practical connotations. 


ELECTROMAGNETIC RADIATION—In this il- 
lustration the “ray” is represented by the 
straight line beginning at s on the left side; 
the arrow at the right side indicates the geo- 
metric direction in which the electromagnetic 
radiation is being propagated. If an electric 
charge were applied at a point along this 
line, the resulting electric field would oscil- 
late in the directions of the two arrows e, 
because of an alternating force periodically 
exerted. It Is rather as if a force were running 
along the ray, with its direction varying in 
time like the ordinate of the sinusoid se. At 
the point at which this electric force arrives, 
there Is also an appreciable magnetic force 
that varies with the same periodicity, but that 
is exerted in a direction perpendicular to that 
of the electric force. These electric and mag- 
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netic “waves” proceed along the ray at the 
velocity of 299,793 km/sec (186,282 mi/sec) 
—the speed of light. In one instant, therefore, 
quite a large number of sinusoidal crests that 
represent the electromagnetic radiation passes 
each point along the ray; the number of crests 
(that is, of waves) that pass is called the fre- 
quency of the electromagnetic emission. In 
the case of light, this frequency is very great 
—6 x 10'* per second. The distance between 
the two crests is called the wavelength, and 
is very small (in this illustration, 0.5 wm). In 
scientific usage, frequency is usually denoted 
by the Greek letter v (nu), the wavelength by 
the Greek letter à (lambda) and the velocity 
of light by the letter c. The resultant formula 


isv=2 
x 


THE ELECTROMAGNETIC SPECTRUM—in 
order to illustrate all the various types of 
radiation in one diagram, it is usual to con- 
struct a scale on which are marked the wave- 
lengths of the different radiations. On this 
scale are marked instead the approximate 
ranges of each type of radiation according to 
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gamma rays 


RADIO WAVES—These are the electromag- 
netic radiations with wavelengths ranging from 
about 10-' m (10 cm) to more than 10° m (100 
km). They are produced naturally by the oscil- 
lations of charged particles in the atmospheres 
of many stars and in the interiors of some 
nebulas. They are produced artificially for the 
transmission of telegraphic signals, the human 
voice or other sounds, and television images. 
Transmitters that cause electrons to oscillate 
within a metallic conductor, or antenna (illus- 
trated), produce these radio waves for practi- 
cal purposes. Radio waves are identified not 
only according to their wavelength bands, but 
according to thelr frequencies, in terms of 
cycles per second, more commonly called 
hertz (Hz), after the German physicist Heinrich 
Hertz, who proved the existence of electro- 
magnetic waves. Frequencies corresponding 
to the wavelengths of radio waves include the 
span from less than 3 x 10* Hz (for the 
longest) to 3 x 10° Hz (for the shortest). 


10-11 


their wavelengths in meters, as if there were 
no overlapping or merging. These divisions 
are arbitrary; the name of the type of radiation 
shown in a particular range of wavelengths 
(and this would apply to frequencies as well) 
depends on the way in which the radiations 
are generated, or on their properties; some 
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infrared rays 


visible light 


MICROWAVES—These are the electromag- 
netic radiations with wavelengths ranging from 
1 mm to 10 cm (10° to 10-' m), and with fre- 
quencies correspondingly from 3 x 10° to 3 
x 10'' Hz. Experiments prove that, like light, 
microwaves are propagated in straight lines— 
that is, along lines of sight—and are reflected 


radiations have properties in common, or 
change very gradually from one to another. 
The divisions shown in this diagram are, 
therefore, not precise, but they are useful for 
indicating the general band of wavelengths 
occupied by each type of radiation. 


and refracted when they cross substances 
such as pitch. Microwaves are naturally 
emitted by many celestial bodies and are 
artificially produced by radar equipment (il- 
lustrated), which detects distant objects and 
determines their distances. 


RED RAYS—These are electromagnetic 
s with wavelengths ranging from about 
am to 1 mm (107 to 10°? m). They are 
nfrared rays because the English as- 

Sir William Herschel, when analyzing 
vartles of light, discovered that each 
he visible spectrum produced by ordi- 


light heated a thermometer to a cer- 

sity—and that the intensity increased 

thermometer was exposed to radia- 

w the range of the spectrum occupied 

ght (the visible light with the longest 

gth). Infrared radiation is produced 

y at all temperatures by warm bodies, 

in be produced artificially by extremely 

equency radio transmitters, The stars, 

jing the sun, are powerful sources of 

red rays, which are also produced by such 

iverse objects as a hot iron, and even the 

t ) body, although each emits rays of dif- 

nt wavelengths. These rays are scarcely 

jetectable by man; the human retina can 

\rely perceive wavelengths as low as 8.5 Xx 

10°’ m, but the skin may be highly sensitive 

to Infrared radiation. Practical uses of infrared 

radiation range from photography to the elec- 

tric oven to the air-to-air guided missiles with 

“heat-seeking" homing devices. A commercial 
infrared lamp is illustrated, 


VISIBLE LIGHT—These are electromagnetic 
radiations with wavelengths ranging from 
about 0.0004 mm to .0007 mm. (Inasmuch as 
.0001 ym, or 10°'° m, is equivalent to 1 Ang- 
strom, it is more convenient to measure the 
wavelengths of visible light in Angstroms [A]: 
4,000 to 7,000 A.) Variations in wavelength, 
within this band, appear to human eyes as 


variations in color, trom violet at the 4,000-A 
end to red at the 7,000-A end of the band. 
Visible light Is produced In various ways: by 
an electron leaping from an outer orbit to a 
slightly smaller one or by the collision of an 
electron with another electron or another 
atom. 
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ULTRAVIOLET RAYS—These are electromag- 
netic radiations with wavelengths ranging 
from about 100 A to 4,000 A. Ultraviolet rays 
have many properties analogous to those of 
visible light. They also have a powerful chemi- 
cal action; they are capable of detaching an 
electron from an atom, that is, they can ionize 
the atom. After being ionized, many atoms or 
molecules undergo chemical reactions. Some 
substances struck by ultraviolet radiation 
emit it again in the form of visible light; this 


phenomenon is known as fluorescence. For 
example, the mineral illustrated was photo- 
graphed under ultraviolet radiation, which 
caused certain parts of the mineral to fluo- 
resce—to emit visible radiation. Ultraviolet 


radiation can result from all the various leaps 
of electrons from the outermost orbits of 
atoms; this also occurs in black bodies at 
very high temperatures, and in plasma. The 
stars, including the sun, are very intense 
sources of ultraviolet radiation. 


X-RAYS—These are electromagnetic radia- 
tions with wavelengths ranging from about 
0.1 A to about 100 A. They are produced by 
electrons that leap from the outermost orbit 
of an atom to its innermost orbit, very close 
to the nucleus. They are also produced as a 
result of the rapid braking action that follows 


a collision between an electron, traveling at 
a velocity approaching that of light, and 
other atoms. Such collisions occur naturally 
in the interior of stars. They can be produced 
artificially in x-ray tubes, which are used 
widely in diagnostic medicine and for experi- 
ments in physics. 


GAMMA RAYS—These 
radiations with waveleng 
They have the same p 
penetrate matter readi 
trons from atoms, ev: 
close to the nucleus and 
to the electrical attracti 
Gamma rays are prodi 

of atoms are agitated 

nuclear particles in the 

disintegration. Some nt 

with wavelengths exces 

“border” between gam rays and x-rays), 
Many of the gamma rays present in cosmic) 
radiation, although of very small wavelength, 
are produced by particles undergoing braking, 
processes quite similar to those that produce 
x-rays. 
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are electromagnetic 
s less than 0.1 A, 
ties as x-rays: th 
and they detach ele 
jose that are very 
ence most subje 
1 of the nucleus, 
d when the nuclel 
the emission 
ss of radioactive 


THE PRINCIPLE 


OF HUYGENS 


Opties is that branch of the science of 
s concerned with light: its origin, 
behavior, its effect on matter. Light 
own to originate through the alter- 
nations of an electric field and a magnetic 
field. and can be defined, therefore, as 
je of electromagnetic radiation with 
» wavelike characteristics of all such 
liation. On the other hand, many opti- 
phenomena can be studied by ignor- 


phy 


YHE WAVE FRONT—If a pool of still water is 
disturbed at a given point on its surface, 
say, by a pebble being thrown into it, con- 
; rings will appear around the disturbed 
nd spread in widening circles until 
upted. When examined closely, these 
are seen to be composed of alternating 
(high points) and troughs (low points), 
preading could be “stopped” at some 
as by taking a photograph, an outer- 
ng would appear. All the particles of 
er along that ring would have moved the 
»e distance from the point of disturbance, 
would also be at the same distance in 
‘lon to the surface of the water, whether 
‘he crest, along the base of the trough, 
u! some Intermediate point. 

) illustration shows a small section of 
irom surface to ocean bed, approaching 
eline. Four complete waves appear, be- 

$ : with a trough at the left end. (A trans- 
rectangle is shown at a right angle 

» direction of the wave and following 

i igh at the end of the second wave.) 
iaight line along the crest, along the 


| ELECTROMAGNETIC WAVE FRONTS—The 


electromagnetic vibration that radiates from 
an atom and may assume the aspect of light 
Js propagated uniformly in all directions until 
it encounters something it cannot penetrate. 
The light wave has the same sinusoidal form, 
with alternating crests and troughs, as a wave 
that ripples along the surface of water. If the 
source of propagation is assumed to be the 
center of a sphere, as in this sketch, and if 
the wave Is propagated at the same speed 
in all directions, all points at a given distance 
from the source will be either along the crests 
of the wave aaa, or along the troughs bbb, 
or somewhere in between. In this case, the 
wave fronts will not be a ring or a straight 


line (along a section of that ring) but a sphere. 
This applies to all electromagnetic waves— 
whether these are gamma rays, x-rays, ultra- 
violet rays, infrared rays, or visible light. 


a wave theory of light 


ing these wavelike properties and con- 
sidering light as a ray that is propagated 
in a straight line, that penetrates some 
kinds of matter but is incapable of pene- 
trating other kinds, and that undergoes 
reactions explicable in geometrical terms. 
The latter division of optics is geometri- 
cal optics, as distinguished from physical 
optics, which takes into account the 
wavelike properties of light rays. 


trough (such as the line in the center of the 
rectangle), or anywhere parallel to these, is 
the locus of all the particles of water that 
have simultaneously reached a certain level 
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a 


It is, therefore, appropriate to begin 
a study of physical optics by defining 
the Huygens principle, and by stating 
a basic theory for the understanding of 
transverse waves regardless of their com- 
position. Inasmuch as the waves in a 
body of water are comparatively familiar, 
easily reproduced in a laboratory, and 
easily understood, they may serve as 
models for all other kinds of waves. 


and distance from the disturbance. All parti- 
cles in this situation are said to be “in phase,” 
and the locus of all particles in phase at any 
one time is designated a wave front. 
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MAKING A WAVE IN WATER—In this experi- 
ment, an object shaped like that in the dia- 
gram, with a handle by which it can be moved 
up and down, is placed on the surface of the 
water (Illustration 3a) so that its lower surface 
is barely wetted. Now the object is immersed 
in the water (Illustration 3b) to a depth about 
equal to its height, displacing on each side 
a volume of water equal to its own volume. 
If the immersion is made very rapidly, the 
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MULTIPLE WAVE FRONTS—If, instead of one 
elongated prism, as in the previous experi- 
ment, a small cylinder had been immersed 
in the water (Illustration 4a), a concentric 
series of circular waves could have been 
made rather than rectilinear waves. Now, if 


water will heap up on the sides in such a way 
that the immersed object will be momentarily 
flanked by two walls of water. 

The water that has formed these walls is in 
én unstable position, and will tend to fall back 
in the direction indicated by the arrows (ll- 
lustration 3c), and through inertia will continue 
to descend even below the flat surface of the 
remainder of the water. In so doing, it will dis- 
place more water on the side further away 


several such cylinders are immersed side by 
side (Illustration 4b) simultaneously, circular 
waves will spread out from each cylinder; but 
at a greater distance, a continuous wave front 
will develop, exactly as if a long prism had 
been immersed. The circular waves spreading 


i 


from the solid object, and this w will in 
turn be forced to rise. As the motio ntinues 
(Illustration 3d), the water that rc will de- 
scend and thereby rajse water tha! -viously 
lay in front of the wave front. In act, the 
up-and-down motion of the particle: of water 
—even the smallest particles, the rlecules 
—is responsible for the motion of l adjacent 
water particles, 


out from the individual cylinders become 
superposed at a certain distance, in such @ 
way as to form waves with rectilinear crests 
parallel to the straight line that could be drawn 
along the centers of the individual cylinders. 


a 


A WAVE FRONT ENTERING TWO APERTURES 
—This illustration shows a harbor protected 
from the open sea by a breakwater with two 
entrances a and b. When a wave front gen- 
erated in the sea reaches the breakwater, the 
water will rise at each entrance; in descend- 
ing, it will cause vertical displacements—a 


THE PRINCIPLE OF HUYGENS—According to 
this principle, any point on a wave front acts 
in such a manner as to create a circular wave 
around itself; and at a certain distance all the 
waves so created combine to form a single 
front (Illustration 5a). Once the form of the 
wave front is known at a certain distance, its 
eventual form can always be predicted if the 
velocity by which the wave is propagated is 
also known. For example, a wave front (Illus- 
tration 5b) that is initially in position | will 
result in a new wave front at Il because of 
the combination of the action of all the parti- 
cles in the first wave front—just as the imagi- 
nary line through the cylinders in Illustration 
4b resulted in the single long wave front at a 
certain distance. The direction in which the 
wave is propagated is represented by r (which 
would, in the case of a light wave, represent 
the direction of the ray). The principle of 
Huygens also indicates that the direction of 
motion of a rectilinear wave front is itself 
rectilinear, and perpendicular to the wave 
front. 


wave motion—within the harbor itself. In the 
immediate vicinity of the entrances, these 
waves will become circular fronts and will 
spread out from the centers of the two en- 
trances. However, according to the principle 
of Huygens, they will eventually unite within 
the harbor to form a single rectilinear wave. 


T 


open sea 


CIRCULAR WAVE FRONTS—The principle of 
Huygens can also be applied to circular wave 
fronts. At a certain distance, the wave front 
caused by the disturbances in the center 
reaches position I. Here, according to the 
principle that each point on the front creates 
its own circular wave front, which eventually 
combines to form a new single wave front, a 
new wave front is created further from the 
center, at II. The amount by which II has been 
enlarged as compared to | depends only on 
the velocity of wave propagation and the time 
elapsed. In the case of water waves, the 
velocity would be measured in feet per sec- 
ond; in the case of light and other electro- 
magnetic waves, it would amount to 299,793 
km per second (186,282 mi per second). 
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INFRARED RAYS 


The housewife of tomorrow may well 
measure cooking times in seconds rather 
than minutes. Even now a large roast 
can be cooked in a few minutes rather 
than in hours, The secret lies in infrared 
rays (literally below red rays). 

In 1800 the British astronomer William 
Herschel repeated Sir Isaac Newton’s 
experiments in which he dispersed sun- 
light through a prism to produce the 
rainbow colors of the solar spectrum. 
Herschel wished to know which of the 
colors was most effective in heating the 
bulb of a thermometer. He found violet, 
blue, and green light quite effective, 
while yellow, orange, and red heated 
the bulb even more. To his great sur- 
prise, Herschel then discovered that the 
thermometer bulb was heated even fur- 
ther when left in the dark zone beyond 
the red end of the spectrum, where no 
light was visible, Herschel had dis- 
covered infrared rays, whose wavelengths 
are longer than those of visible light but 
shorter than those of radio waves. 

Because of the limitations of the simple 
thermometer, there was no substantial 
progress in the study of infrared rays 
until 1830, when the Italian physicist 
Leopoldo Nobili turned to the thermo- 
couple devised by the German physicist 
T. Seebeck a few years earlier (1821). 
Seebeck had found that when wires of 
two different metals were joined at one 
end and then heated, an electromotive 
force (emf) was produced between the 
other ends of the wires. Nobili placed a 
thermocouple in the infrared zone of the 
spectrum, measured with a galvanometer 
the weak electrical current produced, 
and used this measurement to determine 
the heat produced by the invisible rays. 
A few years later, the Italian physicist 
Macedonio Melloni went a step further 
by combining a number of thermocouples 
to create a thermopile. Melloni con- 
cluded that infrared rays possess the 
properties of light rays and so are of the 
same nature, a hypothesis already put 
forward by William Herschel. John Her- 
schel, son of William, also carried out 
experiments that led him to the same 
conclusion: infrared rays and light rays 
are alike, with the notable exception that 
infrared rays cannot be seen by the hu- 
man eye. 

In 1847, the French physicists H. L. 
Fizeau and L. Foucault showed that in- 


measurement 
and production 


frared rays can produce interference phe- 
nomena, behaving as visible rays do. This 
confirmed the undulatory nature of infra- 
red rays; but the scientists were not able 
immediately to measure the wavelength 
of the rays. Other scientists who tried 
to measure the wavelength of infrared 
rays concluded that the light of the sun 
contains not only visible light but infra- 
red rays up to a wavelength of 1.5 mi- 
crons (um). The wavelengths of visible 
light rays range between 0.4 and 0.7 pm, 
they concluded. Thus the conviction took 
root that the visible rays were bordered 
by a certain number of infrared rays that 
presumably terminated just beyond the 
wavelength of red. 

Still other experiments, in 1859, showed 
the existence of infrared rays up to a 
wavelength of 1.9 zm. The limit was soon 
extended to 2.14 um, and other scientists, 
including Pierre Curie (who was later to 
become famous for his discovery of 
radium), brought the limit up to 7 wm. 
By this time the idea that there was a 
limit to the maximum wavelength of in- 
frared rays had been discarded. 

Today, infrared rays are produced, 
manipulated, and revealed readily with 
wavelengths of 700 to 1,000 um, the latter 
equal to a millimeter in length. These 
modern-day experiments are carried out 
with techniques similar to those for opti- 
cal rays, except that the equipment is 
specially designed to disperse, absorb, 
and reflect infrared rays. Electromagnetic 
rays extend well beyond the 1-mm wave- 
length. Wavelengths greater than 1 mm 
can be produced by special infrared 
sources; and rays with wavelengths of 
less than 1 mm are produced regularly 
in laboratories with instruments used in 
producing microwaves. 


SOURCES OF INFRARED RADIATION—The 
sources of infrared radiation can be divided 
into two categories: those for technological 
use and those for scientific use. Nine different 
sources are shown in this illustration. 

Illustration 1a shows an infrared lamp, con- 
sisting of a normal bulb with a tungsten fila- 
ment. It is constructed in such a way that, 
when the appropriate current is fed in, the 
filament reaches a temperature of almost 
1,000° C (1,832° F). The filament then gives 
off many more infrared rays than light rays. 
The light rays are eliminated by using red 
glass in the part of the bulb through which 
the rays emerge. Such infrared lamps are 
used for drying paint, for heat therapy, and 
for other purposes. 


Any filament lamp can be used as a sourc® 
of infrared rays; all that is needed is to feed 
in a lower current than that for which the lamp 
was designed. In this case, however, the it 
tensity of the radiation is much less thal 
(about one quarter) that which can be obtained 
with the full current. 

Illustration 1b shows an infrared source) 
used mainly for heating; it consists of 
chrome-nickel coil contained in a quana 
tube. When heated by electricity to a temper 
ture of between 700 and 800° C (about 1 
to 1,472° F), it emits a large amount of inffa 
red rays. Both the lamp and the coll beha 
much like black bodies. Thus, if their tempe 
ture remains around 700 to 1,000° C (abo 
1,292 to 1,832°F), only a small amount 0 


visible rays per cm? is emitted. At higher 
temperatures, far more visible light rays than 
infrared rays are emitted. 

To determine how much energy is received 
by an infrared detector, the detector is exposed 
to a source that emits a known quantity of infra- 
ted rays. The source that possesses this prop- 
erty is the ideal black body, which consists of 
a box-shaped cavity with a small opening (IIlus- 
tration 1c). The quantity and quality of the 
radiation emitted depend on the temperature 
of the interior of the cavity. The source con- 
sists of a cylindrical receptacle, the interior 
of which is heated by a chrome-nickel resist- 
ance a. A steel body keeps the temperature 
constant through its thermal inertia b. A 
quartz tube then insulates the wires of the 


thermopile from the steel body c. A metal 
body with a conical cavity d is maintained at 
the required temperature; an insulating ma- 
terial e separates it from the closing shield f 
through which an opening is made g for the 
radiation to emerge. The entire body of the 
cavity is insulated from the surrounding at- 
mosphere by a series of concentric nickel 
tubes i polished on both the inner and outer 
surfaces. The heat cannot emerge except 
through the emission opening and the absorp- 
tion of these surfaces, which have been made 
specular and thus minimal. The radiation de- 
tector to be calibrated, placed opposite the 
opening, receives a quantity of the radiation 
emitted that depends on the temperature 
reached inside the cavity (which is measured 
by the thermopile 1), and on the size of the 
opening in the cavity. 

The infrared sources shown in Illustration 
te, 1f, 1h, and 1i were designed for use in 
spectroscopic studies; all have elongated fila- 
ments because they are used to illuminate 
spectroscopic openings. The elongated shape 
is more economical than any other form. These 
sources must also be able to function in air. 
If the sources were contained in bulbs of 
glass or any other material, it would be diffi- 
cult to find a material that would allow the 
required radiation to pass through. Almost no 
materials are sufficiently transparent for me- 
dium and distant infrared rays. 

The graph (Illustration 1d) shows the emis- 
sion curve of a Globar source, which con- 


sists of a rod of sintered silicon carbide. 
When heated by an electric current to no 
more than 1,400° C (2,552° F), the rod can be 
kept for several hours in air without oxidizing; 
it must then be replaced. 

Illustration 1e shows a Welsbach mantle, 
which consists of a piece of wire mesh heated 
partly by a flame (as in miners’ safety lamps) 
and partly by a current flowing through the 
mantle itself. The thorium oxide with which 
the wire is covered emits rays with wave- 
lengths of from 0.6 to 6 ym. 

The Nernst lamp (Illustration 1f) consists of 
a tube about 1 mm (about 0.039 in.) in diam- 
eter and 30 mm (about 1.18 in.) in length made 
of yttrium oxide and zirconium. When heated 
to a temperature of about 2,200° C (3,992° F), 
the tube emits very intense radiations. 

Illustration 1g shows the flame of the voltaic 
arc. 

The voltaic arc (Illustration 1h) is a good 
source of infrared rays because of its tempera- 
ture and because it has the properties of a 
black body. It also has the property of being 
very brilliant, emitting a high intensity of 
radiation per unit area of surface. 

The high-pressure mercury vapor arc (Illus- 
tration 1i) is the best source of very long 
infrared rays, those up to about 1 mm. In this 
field of radiation, quartz is very transparent 
and is used to screen the lamp. For wave- 
lengths of between 10 and 100 „m, on the 
other hand, the best source is either the car- 
bon arc or the Welsbach mantle. 
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THE INFRARED SPECTRUM—1n this illustra- 
tion of the spectrum, the dark area at the 
right is the wave band known as infrared 
because it appears beyond red in the rainbow 
of visible colors. Infrared rays range from 0.7 
to beyond 1,000 um. Because it is convenient 
to produce and study three qualities of infra- 
red rays, this wave band can be divided into 
three regions—near, medium and distant. The 
properties of the rays depend solely on the 


difference in their wavelengths; they shade 
off gradually into one another. The wavelengths 
of near infrared rays range from 0.7 to 1.5 um; 
medium, from 1.5 to 10 am, and distant, from 
10 to 1,000 um and beyond. 

Near infrared rays possess all the prop- 
erties of visible light, but they cannot be 
perceived by the eye. They can, in practice, 
be produced from the same sources as are 
used for visible light and studied with the 


infrared 


same detectors (photographic tes, photo 
multipliers, and photocells). Almost all sub 
stances transparent to light are also tri 


parent to near infrared rays. 
Medium infrared rays require erent tech 


niques for their production, « ction, 

application, but these technique re no mor 

complicated than those used fc ht rays. 
Distant infrared rays require 


cial instru 
ments for production and dete A 
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HOW INFRARED RAYS 
ARE PRODUCED 


There are many reasons why infrared 
rays are produced and studied. Infrared 
rays have very important practical ap- 
plications and are used, for example, for 
drying paint, cooking food, in therapy 
for rheumatic and traumatic pain, and 
even as a means of heating specialized 
environments. Certain special instru- 
ments make it possible to “see” an object 
that would otherwise be invisible to the 
human eye (such as an object in dark- 
ness) by making use of the infrared rays 
that the object emits or reflects. Pro- 
jectors that illuminate the object are 
necessary for this purpose. 

Among the most important of the many 
scientific infrared applications are those 
that concem the study of molecular struc- 
ture. Just as atoms emit visible and ultra- 
violet rays when they are excited by col- 
lisions, molecules emit infrared rays 
when they collide with one another as 
the result of thermal agitation. Analysis 


of these emissions enables scientists to 
determine the structure of molecules, 
especially those composed of many 
atoms. 

Many molecular structures, especially 
those of organic molecules, have been 
defined through spectroscopie studies. 
Once the spectrum of a molecule has 
been identified, that spectrum can be 
used in analysis to discover the presence 
of compounds and often to regulate the 
concentration of compounds in solutions 
or preparations. Scientists produce infra- 
red rays, pass them through the sub- 
stance they wish to study, and analyze 
the rays with a spectrophotometer. 

One of the major difficulties in produc- 
ing sources of infrared rays, especially 
distant ones (those with wavelengths of 
from 10 to 1,000 um), is that these 
sources behave almost like black bodies, 
emitting not only infrared rays but other, 
visible rays that may be detrimental to 
an experiment. (A black body is one 
composed of a substance, such as coal 
or pitch, that absorbs almost all the light 


= 
100 pm 1, 
falling on it and reflects very ` ‘tle of th 
light.) 

One effective method of p- ducing it 
frared rays is heating a bla: body to 
high temperature. The hig the ten 
perature, the more infrared are pi 
duced; however, because th urce pd 
sesses the properties of a bla body, tl 
more the temperature is ir ased, tl 
more the visible rays increase—and at 
proportionately greater rate than that ® 
the infrared rays. Doubling the infraré 


ray production increases the visible 
production tenfold. In seeking pure infra 
red rays for experiment, it is very difficull 
to eliminate the unwanted visible ra 
special devices are needed to overcom 
the black body properties and thus pró 
duce more infrared than visible rays. 
is difficult to estimate the percentag 
of defect and to make sure that it i 
the same for all wavelengths. Some al 
lowance usually is made for incomplet 
absorption in modern experiments; bul 
it remains a source of uncertainty in 
ing accurate measurements. 


ULIRA VICEEFRADATON: aam 


There are many reasons for the study of 
traviolet rays. Most important, ultra- 
‘ot radiation provides information 
t the state of matter. For example, 
radiation emitted by the sun or any 
star indicates that the stars atmo- 
re is composed of very hot gas. From 
juantity and wavelengths of the ra- 
on emitted, the physical conditions 
he star's atmosphere can be deter- 
d. 


gamma rays 


Ultraviolet rays help reveal the struc- 
ture of matter in the solid state. Such 
rays emitted by an atom indicate not 
only the energy level of its electrons but 
how the electrons are arranged around 
the nucleus of the atom. Just as infrared 
rays serve in the investigation of molecu- 
lar structures, so ultraviolet rays serve in 
the study of atomic structures. 

A practical application of ultraviolet 
radiation is based on the fact that many 


x-rays infrared 


visible light 


2000 Å 


organic substances do not transmit radi- 
ation of certain wavelengths; instead the 
radiation is absorbed. The specific ab- 
sorption characteristics of many organic 
substances are determined by use of a 
spectrophotometer. 


PROPERTIES OF ULTRAVIOLET 
RADIATION 


The subdivision of electromagnetic radi- 


microwaves radio waves 
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THE SUBDIVISION OF ULTRAVIOLET RAYS 
—Drawn to logarithmic scale, Illustration 1a 
shows the complete spectrum of electromag- 
netic radiations. Ultraviolet rays have a shorter 
wavelength than that of visible light. 
Illustration 1b shows the subdivisions of the 
ultraviolet wavelengths. Broadly speaking, 
these subdivisions are made up of near and 
distant ultraviolet rays, with an intermediary 
region. While such subdivisions are somewhat 
arbitrary, they are often used in textbooks, 


2 


and are identified by the terms given below. 

1. The wavelengths of ultraviolet rays 
through glass. Ultraviolet rays between 4,000 
and about 3,500 A can penetrate ordinary 
glass (but not lead glass), providing the glass 
is no more than about 1 cm (about 0.4 in.) 
thick. 

2. The wavelengths of ultraviolet rays 
through air. Air is transparent to ultraviolet 
rays at 2,000 A, but is opaque to shorter wave- 
lengths. Thus it is customary to speak of the 


1000 


region between 3,500 and 2,000 A as that of 
ultraviolet rays in air. 

3. The wavelengths of ultraviolet rays 
through a vacuum. Because air is opaque to 
ultraviolet rays below 2,000 A, such radiation 
must be studied in a vacuum. 

4. Schumann's region. Extending from 2,000 
A to a few hundred A, this region of wave- 
lengths is named for the physicist who studied 
it and who discovered a photographic process 
for revealing its radiations. 
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THE ORIGIN OF ULTRAVIOLET RADIATION— 
Ultraviolet radiation results from the loss of 
energy by electrons. When an electron is 
bound to an atom, it can be made to generate 
radiations on a single or a finite number of 
wavelengths. On the other hand, a free elec- 
tron (one not bound to an atom) can generate 
radiations of any wavelength. The simplified 
atomic model shown illustrates these facts. 

The distances of the electrons from the 
nucleus of this atom (Illustration 2a) deter- 
mine the amount of energy each electron 
possesses. When one of the electrons is dis- 
placed a short distance away from its orbit, 
it soon falls back, emitting electromagnetic 
radiation. According to quantum mechanics, 
a clearly defined quantity of energy having an 
exact value must be applied to displace the 
electron from its orbit. When such a displaced 
electron returns to its orbit, this energy is 
liberated. Because both the energy applied 
and that relative to the orbit to which the 
electron belongs are definite, the atom will 
emit radiation of this energy whenever the 
electron is displaced. Thus, while an atom can 
emit different wavelengths, corresponding to 
the various possible displacements of its elec- 
trons, the values of these emissions will al- 
ways be clearly defined and discrete. 

When an atom loses an electron, a state of 
ionization occurs (Illustration 2b). A radiation 
with a precise wavelength can still be ob- 
tained in such a state by applying a clearly 


defined quantity of energy with an exact value, 
as described for Illustration 2a. When ioniza- 
tion occurs, the remaining electrons become 
more closely bound to the nucleus. If another 
electron is then removed from the nucleus, it 
may, upon its return, resume its former posi- 
tion; or, it may take over the position of the 
first electron removed. In either case, the 
radiation emitted will be different. In the first 
case, the radiation will be in the ultraviolet 
range; in the second, the radiation will be in 
the range of visible light rays. 

When an electron is removed from one of 
the more internal orbits and replaced by an- 
other electron (Illustration 2c) the radiation 
produced is an x-ray. Thus ultraviolet radia- 
tion is that emitted by the more external elec- 
trons of an atom. These external electrons are 
known as optical, or valence, electrons be- 
cause they are responsible for the association 
phenomena of atoms in molecules, and be- 
cause visible electromagnetic radiations are 
emitted as the result of the variations of en- 
ergy possessed by these electrons. 

An electron violently projected against an 
atom and then deflected as a result of the 
impact emits a radiation that may be ultra- 
violet (Illustration 2d). If the shock of the 
electron hitting the atom is repeated, a suc- 
cession of ultraviolet emissions of wavelengths 
of varying values may be obtained. This phe- 
nomenon may take place in a gas, in which 
case the resulting radiation is continuous. This 


is the radiation that is emitted by a plasi 
that is, a gas completely ionized and kept 
a high temperature. 


S OF ULTRAVIOLET RADIATION— 
hod of creating ultraviolet radiation is 
icing an electric discharge in a rare- 
In mercury vapor, a discharge pro- 
mission of a few distinct wavelengths; 
fogen, a discharge produces a continu- 
‘d of wavelengths. Illustration 3a shows 
ercury vapor lamp in which the discharge 
ces a high density of emission of ultra- 


fons into gamma rays; x-rays; ultra- 
violet rays; visible, or light, rays; infra- 
red rays; microwaves; and radio waves is 
somewhat arbitrary, Gamma rays have 
the shortest wavelengths. Infrared rays 
extend from a wavelength of 1 um (mi- 
cron) to 1,000 wm, much longer wave- 
lengths than those of visible rays. Ultra- 
violet rays extend from a wavelength of 
0.4 um to about 0.01 ~m—from 4,000 to 
100 A (Angstrom units). Relative to 
visible light, infrared rays are near the 
longer wavelengths; ultraviolet rays are 
near the shorter wavelengths. Gamma 
and x-rays have wavelengths even 
shorter than ultraviolet rays, while mi- 
crowaves and radio waves have wave- 
lengths longer than infrared rays. 


violet rays. Because the rays they produce are 
effective germ killers, such lamps are widely 
used in operating rooms and elsewhere in hos- 
pitals. Illustration 3b shows a hydrogen lamp 
used in spectrophotometers. The gas excited 
by the electric discharge emits rays down to 
about 2,500 A as well as rays of shorter wave- 
lengths. However, the quartz of which the shell 
is made cannot be penetrated by these shorter- 


PERCEPTION OF ULTRAVIOLET 
RAYS 


While the eyes of some animals are sen- 
sitive to part of the ultraviolet region, 
those of man are barely so. Generally, 
the human eye is insensitive to radiations 
of less than 4,000 A. At 4,000 A, the hu- 
man eye is unable to perceive objects in 
focus. Observing a subject through a fil- 
ter that passes only those rays on the 
border between visible and ultraviolet, 
the eye reacts as if shortsighted. The 
cause of this reaction is that the crystal- 
line lens of the eye has a much shorter 
focal length for violet than for the other 
colors of the visible spectrum. 
Proceeding from the visible to shorter 


wavelength rays. Illustration 3c shows a lamp 
containing high-pressure mercury vapor, which 
emits intense and continuous ultraviolet rays. 
“Suntan” lamps are of this type. Other ultra- 
violet sources are the voltaic arc (flame) and 
the high-pressure xenon arc. Similar devices 
are used for the production of infrared rays. 
Relative to visible light, infrared rays are 
near the longer wavelengths. 


wavelengths at about 3,600 A, the eye 
perceives a violet color that gradually 
fades into gray. Below 3,600 A, a radical 
change occurs; the retina is no longer 
sensitive to radiations, and the aqueous 
humor becomes fluorescent. A person 
whose eye has been illuminated with ul- 
traviolet rays on wavelengths between 
3,500 and 2,500 A experiences a sensa- 
tion akin to a lamp bulb being lit inside 
his eye. The retina receives the impres- 
sion of light but is unable to distinguish 
a source, because the whole of the retina 
is illuminated equally. This phenomenon 
is impossible to create by illumination of 
the eye with visible light and is thus in 
the category of an interesting scientific 
curiosity. 
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X-RAYS 


When fame came to Wilhelm Conrad 
Réntgen, it came with a rush, In 1895 
Réntgen was fifty years old and a rela- 
tively unknown professor of physics at 
the University of Wiirzburg, Germany. 
Six years later he was a Nobel laureate— 
winner of the highest prize in physics, 
Réntgen had been experimenting on the 
conduction of electricity through gases, 
using a highly exhausted vacuum tube, 
when he accidentally discovered that a 
mysterious, invisible radiation from the 
tube caused a little barium platinocya- 
nide screen to become luminescent. The 
rays, he found soon after, had the power 
to pass through materials that were 
opaque to ordinary light. Röntgen, who 
called this radiation x-rays (x for un- 
known), went on to amass much of the 
early information about the properties of 
the rays. 

Studies determined that x-rays were 
wave-like, behaving in many ways like 
visible light rays, but with a greater abil- 
ity to penetrate matter than any other 
rays known. Initially, Röntgen reported 
that x-rays could not be reflected or re- 
fracted—they just seemed to travel on in 
a straight line through materials that did 
not absorb them. This would have con- 
stituted a marked difference from light 
rays, which tend to bounce off or change 
direction whenever they enter a different 
material. Eveniually, reflection by metal 
mirrors was shown at very small grazing 
angles, that is, when the rays struck the 
mirror in such a way that the beam was 


THE RANGE OF X-RAYS—Exact limits can- 
not be established for the range of wave- 
lengths that correspond to a given type of 
radiation. According to Illustration 1, x-rays 
have wavelengths between 0.01 and 100 A. (1 
A, or Angstrom, is one ten-billionth of a meter. 
X-rays with wavelengths outside these limits 
indicated do exist, however. The properties of 
x-rays as they relate to matter vary consider- 
1 


revealing the mysteries of matter 


almost parallel with the surface of the 
mirror. 

In 1906 another kind of reflection was 
shown, the so-called scattering of x-rays. 
Although the wavelengths of x-rays are 
so small that most of them pass straight 
through the spaces between atoms, some 
rays may be bounced off in random di- 
rections by collision with electrons in the 
shells of the atoms. By counting the scat- 
tered rays, researchers in 1906 correctly 
determined the number of electrons in 
the carbon atom as six. 

In proving the wave-character of 
x-rays, the apparent absence of refrac- 
tion was a major difficulty, for the wave- 
lengths of electromagnetic rays (radia- 
tion similar to light) are commonly 
computed from the changes in direction 
when rays enter different materials or 
pass through narrow gratings or slits. 
The width of the slit, together with the 
width of the wave (wavelength) deter- 
mines the amount of direction change. 
In 1902 a slit was made narrow enough 
to slightly broaden an x-ray beam. An 
average wavelength of about 0.4 x 10-8 
cm (0.4 A) was determined in that way 
(10-8 cm = 10-1 meter = 1/10! meter 
= one ten-billionth of a meter = one 
Angstrom unit=1 A). Later, the x-ray 
spectrum was found to run from wave- 
lengths of around 100 A to very short 
wavelengths on the order of 0.01 A and 
beyond. The shorter the wavelengths, 
the higher the frequencies, and the more 
penetrating, or “harder” the x-rays. The 


ably, depending on their wavelengths. 

The simplest variable characteristic of 
x-rays is their power to penetrate. X-rays on 
wavelengths between 0.01 and 0.5 A, which 
can penetrate into condensed substances to a 
depth of many centimeters, are known as pen- 
etrating or hard x-rays. Those on longer wave- 
lengths, up to the extreme limit, are blocked 
by thin layers of material—a few thousandths 


x-ray wavelengths were much shorte 
than those of light and ultraviolet ra 

The change of direction resulting fron 
the passage of a ray through a narroy 
slit or grate is called diffraction. Sing 
many crystals may be considered as pat 
terns of atoms regularly arranged ij 
parallel planes with equal distances bg 
tween them, x-rays could be diffractes 
by crystals, and the patterns of cryst 
diffraction established the structures g 
the various crystals. 

The principal means of produein 
x-rays remained the vacuum tube, sud 
as Röntgen had used. If a high voltagi 
is applied to the electrodes of the tubé 
a stream of electrons shoots from 
negative electrode (cathode) throu 
the vacuum toward the positive eleg 
trode (anode). When the electrons, als 
called cathode rays, strike a solid, the 
lose energy in x-rays and so excite ele 
trons in the atoms of the solid, which i 
turn radiate energy in the form of x-rays 
The higher the voltage applied, th 
“harder” the x-rays are. 

The wavelength patterns, or line-spe 
tra, of the x-rays are different, accord 
ing to the different chemical element 
that are made to radiate by electro 
bombardment. In 1914 it was shown ti 
there was a direct mathematical relatioll] 
between these wavelength patterns andi 
the atomic numbers (corresponding t 
the numbers of electrons in the atomi 
shells) of the different elements. Tmf 
discovery afforded a confirmation of th 


of a millimeter of metal or a few centimetel 
of air—and are known as soft x-rays. | 
All the wavelengths included in the rangi 
discussed here are those of x-rays that cal) 
be produced by either the deceleration @ 
free electrons or variations in the energy Ie 
of the electrons in the atom, usually thosii 
electrons that are nearest the nucleus andi 
that contain a higher binding energy. | 


ultra 


rays 


OF MEASUREMENT FOR WAVE- 
—Scientists usually measure length 
that are multiples or submultiples of 
or. The wavelengths of visible light, 
t rays, and x-rays are measured in 
s. Earlier, however, scientists found 
ary to introduce a new and slightly 

t unit of measurement for x-rays. 
lengths of visible or ultraviolet radia- 
are difficult to measure because the 
ces involved are very small—less than 
JU dth of a millimeter. This difficulty 
be overcome by exploiting the phenom- 
f diffraction and interference, as shown 
istration 2a. A beam of rays strikes an 
ally ruled reflecting diffraction grating 
tration 2b). The reflected radiation is dif- 
fracted in all directions, constructive inter- 
ference taking place only in certain directions. 
These directions are included within the 
angles r and r’. If the size of these angles and 
the distance d between two successive slits 


model of atomic structure that had been 
proposed by the Danish physicist Niels 
Bohr in 1913 and is generally accepted 
today. 

So the discovery of x-rays generated 
many other discoveries that heralded the 
atomic era of physics. Besides theoreti- 
cal applications, x-rays found many prac- 
tical uses. Because they can be recorded 
on photographic plates or on screens of 
luminescent material, they enable man 
to see inside the human body. X-ray 
photography is an important diagnostic 
aid in medicine, and x-rays are also used 


on the grating are known, it is possible to de- 
duce the wavelength of the radiation. Although 
this is a complicated and indirect measure- 
ment, it is based on the determination of 
macroscopic distances that can be compared 
directly with the standard meter. 

A similar measurement of x-rays can be 
made by projecting a beam of these radiations 
onto a crystal of simple structure—the lattice 
of a cube of rock salt, for example. For a long 
time after the discovery of x-rays, rock salt 
was used as a diffraction grating because in 
order to repeat the procedure described in 
Illustration 2a, the interval d must be slightly 
longer than the wavelength to be measured. 
Natural gratings—crystals—must be used be- 
cause the wavelengths of x-rays are thousands 
of times shorter than those of visible light, 
and because it is impossible to rule gratings 
with intervals thousands of times shorter than 
those used for visible rays. However, the in- 
tervals between these very fine natural grat- 


in radiation therapy. Hard x-rays will 
even penetrate metal castings and welds 
and are used to detect flaws in them. 
Fine-grain x-ray photographs may be 
enlarged as much as 800 times with per- 
fect resolution, and even higher mag- 
nifications of x-ray pictures can be 
obtained by other means. These applica- 
tions in microradiography enable man 
to examine minute details of cell struc- 
ture. 

In the 1960s, x-ray science encom- 
passed a growing number of categories. 
With the exception of x-ray therapy, all 


ings were known only through imperfect 
knowledge of Avogadro's constant, and all 
early measurements of x-ray wavelengths were 
worked out with a unit of measure that was 
not quite a submultiple of a meter. Then, sci- 
entists agreed that the constant of the grating 
of rock salt should be 2,814 units, each equal 
to .0001 A. These units were called XU units. 
Large numbers of x-ray wavelengths were 
worked out by using the grating of rock salt, 
and full tables were compiled. Finally, it be- 
came possible to measure the wavelengths of 
x-rays by using an artificial grating. This grat- 
ing was so fine that the reflection of the rays 
striking it was almost radiant, creating a more 
effective phenomenon of interference. Scien- 
tists then discovered that 1,000 XU was not 
exactly equal to 1 A, but to 1.00202 A. Today, 
data on x-rays are given both in Angstroms, 
according to the modern practice, or in KXU 
(KXU meaning 1,000 XU). 


had industrial applications. 

Certain celestial bodies, such as the 
sun, some nebulas, and quasi-stellar 
sources, emit x-rays. Interpretation of the 
causes of these emissions has expanded 
our knowledge of the nature and compo- 
sition of the universe. Because x-rays are 
largely absorbed as they pass through 
the atmosphere, detection instruments 
must be sent into space beyond the at- 
mosphere to enable scientists to study 
these rays effectively. A whole new tech- 
nology of space instruments to detect 
x-rays has rapidly been developed. 


21 


22 


TWO WAYS OF PRODUCING X-RAYS—Two 
different phenomena produce x-rays. One in- 
volves the slowing down of charged particles 
in rapid motion; the other occurs inside atoms 
and concerns those electrons that are most 
tightly bound to the nucleus. 

One of the laws of electrodynamics states 
that if no forces (such as a magnetic field) are 
acting on it, a charged particle in motion in a 
vacuum moves along a straight line and con- 
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electron 


intensity 


serves its energy. If this particle collides with 
an obstacle, if it is accelerated or slowed 
down, or if its path is deviated by a force field, 
part of the energy of the particle is trans- 
formed into electromagnetic rays—more ex- 
actly, into quanta of radiation. The wavelength 
of the radiation emitted depends on the 
amount of energy lost by the particle; the 
more energy lost, the higher the frequency of 
the radiation emitted (and the shorter its 
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wavelength). If the electron loses a sufficient 
amount of energy, x-rays are emitted. Ti 
hardness of the rays depends on the amount 
of energy lost by the electron. An elect 
free to move in space—such as one accel 
erated by an electron gun or other type off 
accelerator—may attain any value of kinetiol 
energy and, during deceleration, lose al 
value less than that it has attained. X-rays cal 
be emitted on all frequencies (and wav 
lengths). Illustration 3a shows an electro 
emitting x-rays as the result of deceleratioj 
Such rays are known as braking rays, 
which the term “bremsstrahlung” (from ti 
German) is often used. 

If a number of electrons, each with a differ 
ent amount of energy, are slowed down, 
x-ray (Illustration 3b) containing all the wai 
lengths within a certain range of frequencié 
will result, Braking can be caused simply 
the result of the electrons colliding with 
solid body. This type of radiation is termed 
“white” or “continuous.” 

The electrons of an atom, bound to thé) 
nucleus by electrostatic forces, rotate around 
the nucleus on orbits of different diameters) 
The atom model in Illustration 3c is approxi 
imate, but effective for understanding how 
atom can emit x-rays. The electrons are of 
different orbits; those on orbits of the smallesl 
diameters are most tightly bound to the nu 
cleus. If one of these electrons is removed) 
the atom is left in an unstable state. Anothi 
electron, previously free on an orbit of great 
diameter, rapidly takes the place of the dé 
parted electron. During this process energii 
is released and leaves the atom in the form 0 
x-rays. The frequency and wavelength of thes 
rays depend on the atomic structure, the po 
sition from which the free electron came, 
the position of the bound electron that ha 
been replaced. 

All the atoms of the same element emi 
x-rays on the same wavelengths when thi 
electron closest to the nucleus is extracl 


wavelength, but the wavelengths, 
numerous, have distinct and well-defined Vā 
ues, not all the values in a certain frequency 
interval, as is the case with braking (whité) 
radiation. Illustration 3d shows the frequencl 
emitted by a typical atom; the emission spe@ 
trum is known as a monochromatic radiatlol 
because it has well-defined wavelengths. 
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WORKING PRINCIPLE OF THE X-RAY 
illustration 1 represents an ordinary 
nic tube (diode) and its electric supply 
The apparatus consists of a glass 
with a tungsten filament F inside it. 
iment is heated to incandescence by 
ent from a transformer T. The incan- 

filament emits electrons that would 

ersed into space were it not for the 

ilate P opposite the filament. This plate 
nected to a source of alternating cur- 
converted into high voltage by another 
ormer T’, An alternating current is set up 

en the filament and plate, alternately 
jing the plate positively and negatively. 
hen the plate is negative, it repels electrons, 
are also negative; when it is positive, it 
s them. Accelerated by the difference in 
potential created by the transformer, the elec- 
trons rush toward the plate when it is positive. 
When they strike the plate, they are braked 
abruptly and emit x-rays. This is the working 
principle of the x-ray tube, which differs from 
an ordinary thermionic tube chiefly in its high- 
voltage input. A thermionic tube has a current 
between filament and plate of a few hundred 
volts (or a few thousand at most), with the 
result that it does not emit hard x-rays, only 
ultraviolet radiations of short wavelengths, or 
soft x-rays. An x-ray tube, on the other hand, 
requires tens or hundreds of thousands of 
volts, and its construction is, therefore, much 
more complex than that of a thermionic tube. 


THE RADIATION EMITTED BY AN X-RAY 
TUBE—An x-ray tube emits radiations in two 
ways: by the braking of electrons and by 
fluorescence. Braking radiation is produced 
when electrons bombard the anode and are 
abruptly halted. Although all the electrons 
arriving at the anode have the same amount 
of energy (because they are accelerated by 
the same voltage), the braking may take place 
in one phase or in several phases. In the latter 
case the electrons cause emission of x-rays 
whose energies are less than the kinetic en- 
ergy of the electrons. This means that brak- 
ing radiation may produce rays on all possible 
wavelengths, from the limit of the ultraviolet 
to a certain minimum that is determined by 
the kinetic energy of the bombarding elec- 
trons. The wavelength depends on the total 
energy of the electrons striking the anode. 
X-rays thus produced may reach the exterior 
of the tube directly, or they may be scattered 
by the material of the anode before emerg- 
ing from the tube. Another possibility is that 
the x-rays may be absorbed by the atoms and 
cause the emission of an electron that was 
strongly bound to the nucleus. In this case, 
the place of the emitted electron is taken by 
another electron farther from the nucleus, thus 
restoring atomic equilibrium. The result of this 
is the emission of another x-ray with a clearly 
defined wavelength characteristic of the sub- 
stance of which the anode is made. X-rays 
produced in this way are called fluorescent 
x-rays. 

The graph shows the curve of the radiation 
spectrum of an x-ray tube. The lower scale 
shows wavelengths; the scale at the left 
shows the corresponding intensities of the 
wavelengths. The spectrum of the radiation 
emitted consists of a continuous curve ¢ sur- 
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mounted by two peaks K, and K, (fluorescent 
radiation). On the side of the short wave- 
lengths, or hard x-rays, the curve ends 
abruptly at a clearly defined wavelength cor- 
responding to the radiations produced by the 
electrons that have lost in a single phase all 
the kinetic energy acquired during accelera- 
tion. The relation between the wavelength of 
this extreme radiation and the voltage with 
which the electrons are accelerated can be 
expressed: 


wave- accelerating 
length = 12,340 voltage 


A (A) (volts). 
This is derived from quantum mechanics: 


hv = eV, or 
hc/\ = eV, and thus: 


joules : m 
coulombs 


hc _ 12,340 
MA=7 Ty 


where V is volts, h is Planck's constant 
(6.625 x 10°?” erg sec), v is frequency, e is 
energy, A is wavelength, c is the velocity of 
light. 

If, then, the tube is fed with 123,400 v, the 
x-rays produced will have a minimum wave- 
length of 0.1 A. The most frequent radiation 
usually has a wavelength about 1.5 times 
greater than 0.1 A. 

Monochromatic peaks such as K, and K, 
exist only when the continuous radiation con- 
tains wavelengths short enough to excite the 
atoms. 

If the filament of the cathode of an x-ray 
tube is intensely heated, a very intense radia- 
tlon is obtained. High acceleration voltage 
produces hard and penetrating x-rays. 
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SPECIAL PURPOSE TUBES—lilustration 3a 
shows a tube used to produce soft x-rays— 
those with the longest wavelengths. In order 
to explore the properties of matter and of 
x-rays in the long wavelength field, special 
precautions are necessary because soft x-rays 
are easily absorbed, even by very thin layers 
of material. A tube made to emit x-rays having 
wavelengths of more than 3 to 4 A must have 
a beryllium window instead of a glass one in 
front of the anode. Beryllium has a low atomic 
number, which gives it a high transparency 
to x-rays. X-rays with a wavelength as long 


3a 


as 10 A are very easily absorbed, even by air. 
Experiments on these rays must be conducted 
in a vacuum. Illustration 3b is an enlarged 
detail of the beryllium window set into the 
tube. 

A microfocal tube (Illustration 3c) produces 
a pinpoint source of x-rays. Theoretically, it 
should be simple to produce such a source 
by causing the electron beam to converge on 
a very small area of the anode. In practice, 
however, the concentration of the electrons 
and the intense heat developed at their point 


Although x-rays are commonly thought 
of in connection with hospitals and doc- 
tors’ and dentists’ offices, their most com- 
mon source is found in almost every 
American home. It is the television pic- 
ture tube. 

By means of a voltage of about 25,000 
volts, a television picture tube acceler- 
ates a small beam of electrons onto a 
fluorescent screen to create a picture, 
When the electrons strike the screen, 
they are stopped abruptly, and the en- 
ergy they release, called braking radia- 
tion, is in the form of x-rays, These rays 
are of low intensity, with wavelengths of 
more than 1 A (1 A equals 10-8 cm, or 
0.000000001 cm), and most are effec- 
tively absorbed by the thick glass of the 
tube. Because of their low intensity and 
because only a small number of electrons 
strike the screen at a given moment, the 
x-rays from a television tube are not 
commonly dangerous; nevertheless, it is 
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considered unwise to remain closely in 
front of such a tube for long periods of 
time, and defective color television sets 
with misaligned shields have been 
known to leak x-rays at 100,000 times 
the rate considered safe. 

The most important and widely used 
source of radiation, however, is not the 
television tube but the x-ray tube, which 
consists of a large diode (vacuum tube) 
and specially fashioned electrodes. The 
widespread use of x-rays in radiography 
and crystallography has created an in- 
dustry that produces two or three fairly 
simple, standardized types of x-ray tube. 
Tubes for both applications are similar 
in construction. 

Two other sources of x-rays are beta- 
trons and synchrotrons, both of which ac- 
celerate electrons to high speeds and 
project them onto a solid target, causing 
emission of strong x-rays. (When the 
energy of the electrons is very high, the 


of arrival cause the anode, and especiall 
target metal, to melt rapidly. The disto 
caused by such melting disperses the electro 
beam and the source of x-rays becomes ey 
tended. Special precautions must be taken { 
prevent the anode from melting. 
Illustration 3d shows a special type of cati 
ode for microfocal tubes. In an x-ray tube hay 
ing a pinpoint source such as that show 
Illustration 3e, the beam of electrons emitte 
by the filament is focused on the anode i 
very small area (less than 0.1 mm). To prever 
the anode from melting at the point wi 


electrons strike it, the cone-shaped anode | 
made of tungsten, which melts at 3,500° 
(6,332° F). The anode rotates continuot 
around its axis so that the area struck by 
electrons changes continually and has tim 
to cool. The anode is most commonly rotat 
by an electric motor inside the tube. The tul 
shown in Illustration 3e has a rotating anode 
The electronic apparatus for focusing th 
electrons as they converge on the anode ¢ 
be seen mounted on the end of the cathod 
in Illustration 3e. 


wavelength of the radiations is extreme 
short—as little as 0.001 A. In this cas 
the radiation is in the form of gamm 
rays rather than x-rays.) 

Certain radioactive substances 
can be used as sources of mono 
matic x-radiation. In the radioa 
process of beta decay, a negativel 
charged particle is emitted from the ni 
cleus of the atom and the atomic num! 
of the element increases by one unit. 
nucleus tends to attract another €! 
tron; in the process, x-rays are emitted. 

In addition to controlled generation 0 
x-rays, the rays are being generated i 
the far reaches of cosmic interstell 


detected in 1962 with detectors ca 
aboard rockets of the U.S. Naval R 
search Laboratory. By the late 1960s, # 
least 30 discrete cosmic x-ray souret 
were detected. Most recently, quas® 
have been found to be x-ray sources. 


THE X-RAY TUBE—Illustration 4a shows the 

structure of an x-ray tube with its protective 

ising. This casing protects the tube from 

lactric discharges caused by the input cur- 

rents and screens the user from the radiations 

oduced by the tube. The glass casing B con- 

ins the electrodes that emit and receive 

ectrons to produce x-rays. These electrodes 

the filament or cathode F, and the anode 

fhe conductors to the cathode and anode 

through the glass casing, 

> filament F, which emits thermoelec- 

consists of a piece of tungsten wire 

n a coil, much like the filament of an 

y electric light bulb. The filament is 

ed in a cavity that is focused on the 
through a perforated diaphragm. 

trons emitted by the filament are col- 

in a small area of the anode. The x-rays 

nitted from this target area. The anode 

rong metal and extends beyond the 

ube. Because the point at which the 

ons are collected becomes very hot, 

from this point is externally dissipated. 

ig takes place through the mounting M. 

nt P of the anode, which is bombarded 

e electrons, is constructed of metals 
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that differ according to the kind of x-rays re- 
quired. When continuous-spectrum radiation 
is needed, tungsten is used for the target. 
When monochromatic radiation is required, 
metals having a lower atomic number than 
tungsten are used. The anode is set at an 
angle to the axis of the tube so that the radia- 
tions can emerge laterally, through the side 
of the mounting. 

The cooling circuit R, which consists of a 
tube with a high-emission potential and high 
acceleration, circulates water through the 
anode. This is necessary because if the heat 
generated by a power of several kilowatts 
were not dissipated, the target would melt. 
Even when cooled, the target is eventually 
damaged by the bombardment of electrons. 
When a cooling circuit is fitted, the tube must 
be wired in such a way that the anode is 
grounded; otherwise, all the water used for 
cooling would have to be insulated. In prac- 
tice, tap water is used. The water-cooling tube 
is immersed in oil, keeping the temperature of 
the glass tube uniform and insulating the tube 
electrically. A difference of potential of 50,000 
to 300,000 v exists between the cathode lead 
and the walls of the glass casing, depending 
on the purpose of the tube, and the oil elim- 
inates potentially damaging electrical dis- 
charges. 


The metal casing M, which seals off the 
tube and oil, provides access for the input 
lead of the cathode, the power input lead for 
the acceleration voltage, and the water-cool- 
ing tube of the anode. The casing has an 
opening on one side through which the x-rays 
emitted can pass. A lead screen S prevents 
the x-rays from dispersing in all directions. 

Illustration 4b shows the cathode of an 
x-ray tube. The tungsten filament that emits 
the thermionic electrons is clearly visible 
through the aperture in the front. Two metal 
plates are placed in front of the filament to 
limit the space through which the electrons 
can pass. 

The cathode filament shown in Illustration 
4c consists of a thick coil of tungsten. The 
properties that make tungsten so suitable for 
cathode filaments are a high melting point 
and a capacity to emit a large number of elec- 
trons per square centimeter of surface area. 

The anode of an x-ray tube (Illustration 4d) 
is made of a thick block of copper. Copper 
is used because it is an excellent thermal 
conductor and helps to dissipate the heat pro- 
duced by the electron bombardment. At the 
left is the aperture through which electrons 
enter to bombard the target, which is gener- 
ally made of tungsten. The x-rays emerge 
through the aperture at the top. 
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THE ABSORPTION 
OF XR AYS | interaction with matter 


No man has seen an electron—or even an 
atom, of which an electron is but an in- 
finitesimally small part. Yet scientists 
have created models of an atom and 
probed its mysteries with rays that are 
likewise invisible to their eyes. 

To study the bonds between particles 
that make up atomic nuclei—the protons 
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THE ENERGY OF THE ELECTRONS IN ATOMS 
—According to the uncertainty principle de- 
veloped by the German physicist Werner Hei- 
senberg, it is impossible to determine simulta- 
neously both the exact position of an electron 


and neutrons—scientists bombard atoms 
with particles or rays having an energy 
comparable to that which binds the pro- 
tons and neutrons inside the nucleus. 
This energy is on the order of 8 Mev (8 
million electron volts ). 

To determine the structure of an atom 
it is enough to bombard it with much less 


inside an atom and the velocity of the elec- 
tron. It is known, however, that the distribu- 
tion of the electrons inside an atom is very 
complex and that each of them has a particular 
binding energy equal to the energy that must 


energy than the energy of lear bonds, 
From a few electron ve to slightly 
more than 100,000 ev is s ient. | 
X-rays—invisible rays t possess en: 
ergy values between thou ; and hun: | 
dreds of thousands of ev in effective | 
means of studying both at structures l 
and the structure of solid rays can, in 


be expended to expel it permanently from the 
nucleus. 

An intuitive, but by no means strictly a 
curate, method of representing the electrons 
of an atom is to assume that they move aroun | 
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xpel the electrons from the atoms, 
by causing the emission of charac- 
radiations. The energy of these 
ons can then be used to discover 
ructure of the atom. 
accompanying illustrations explain 
+y in which matter can absorb x- 


cleus in circular orbits (Illustration 1a). 

ons with the same binding energy are 

i in the same orbit and at the same dis- 

from the nucleus; those with different 

a9 energies are shown in different orbits. 

hits are designated by capital letters of 

th habet; the innermost orbit is K and the 
g ssive ones L, M, N, O, and P. An electron 
» K orbit is strongly bound to the nucleus, 

i mioh energy is required to detach it. An 
oron in the L orbit is slightly less strongly 
end slightly less energy is required to 

i from the atom. Moving farther to orbits 

so forth, the amount of energy re- 
i tọ expel an electron continues to di- 


reater simplicity, and in order not to 

mitted to a model that may be intuitive 

act, modern physicists generally rep- 

he energy distribution of electrons 

a ` nucleus by a graph showing the en- 
e èls at which the electrons occur (lllus- 
tr 1b). On the graph, electrons with the 
Sar iding energy are shown at the same 
hose at level K have the greatest bind- 
‘gy, those at L slightly less, and so 
ranging the different levels to an exact 
energy is not necessary here; it is 
it to represent their relative positions. 
tomic model showing the electrons ro- 
| in circular orbits around a nucleus must 
sidered inexact because such a model 
explain certain atomic phenomena that 
been observed experimentally—the multi- 
of certain spectroscopic lines, for ex- 
ampie. A less intuitive method that gives a 
better explanation of the experimental data 
shows the electrons rotating around the nu- 
cleus in elliptical orbits, This method supposes 
that the various electrons on the same level 
rotate in elliptical orbits with geometrical char- 
acteristics slightly different from one another, 
reflecting energy differences that are slight in 
comparison with those between one level and 
the next. Illustration 1c shows the subdivisions 
of the energy levels of the electrons arranged 
in sublevels according to the characteristics 
of the trajectory of their paths around the nu- 
cleus. In an atom with many electrons, the 
energy sublevels are classified with names de- 
tived from the mechanical characteristics of 
elliptical orbits. In studying x-rays it is suffi- 
cient to use a simpler nomenclature—the Bohr 
and Coster nomenclature—shown at right. 
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THE ABSORPTION OF X-RAYS BY ATOMS— 
X-rays, which can pass through matter and 
among atoms, consist of electromagnetic waves 
that can produce a photoelectric effect: the 
dissociation of matter into electrically charged 
particles. At the energy levels considered here, 
the photoelectric effect is the chief cause of 
the absorption of x-rays, resulting in the ejec- 
tion of electrons from solid matter by photons 
—individual corpuscles of radiation. To under- 
stand the photoelectric effect, it is important to 
consider the energy with which electrons are 
bound to an atom. 

In Illustration 2 the atom is represented by a 
graph showing the succession of the energy 
levels and the x-rays by lilac shading of de- 
scending intensity, the height of which indi- 
cates the energy of the photons. A hard x-ray 
(one with the shortest wavelength and greatest 
power of penetration) is represented by lilac 
shading filling most of the graph; a soft x-ray 
(with the longest wavelength and least power 
of penetration) by color in only the lower part 
of the graph. 

When matter interacts with an x-ray possess- 
ing much more energy than that with which 
the electrons at level K are bound to the nu- 
cleus (Illustration 2a), the energy of the ray is 
sufficient to expel any electrons in the atom. 
In practice, several things may happen. First, 
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the x-rays may pass through the matter with- 
out interacting with a single atom, without 
knocking out any electrons; but if the sub- 
stance being bombarded is thick, this is most 
unlikely. Sooner or later an atom will lose an 
electron. The most likely event is that an elec- 
tron at the energy level closest to but inferior 
to the energy possessed by the radiation will 
be expelled. In this case it would be the elec- 
tron at level K. Almost all the energy of the 
x-ray is expended in releasing the electron 
from its nuclear bond; the residual energy is 
converted into kinetic energy and used to give 
velocity to the electron. A less frequent occur- 
rence is that the x-ray may dissipate its energy 
in releasing an electron not at K, but at L, or 
M, and so forth. In this case the electron leaves 
the atom at a greater velocity because less en- 
ergy is expended in releasing it. The lilac- 
shaded area covers all the energy levels of the 
electrons that can be expelled from the atom 
by the photon—in this particular case, all the 
electrons of the atom. 

In the case of Illustration 2b, the energy of 
the photon is much less than in Illustration 2a; 
thus the colored area fills only the lower part 
of the graph. The electrons at levels K and L 
cannot be expelled from the atom because the 
photon does not possess sufficient energy. 
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coefficient of absorbtion 


coefficient of absorbtion 
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3 THE ABSORPTION POWE )F MATTER- 
When x-rays pass through + r, the intensity 
of the beam is diminished t s phenomenon 
of absorption. If the mate hrough which 
the radiation passes Is cc; ed entirely of 
atoms each having a single tron, it is pos 
sible to measure the variat! of the power of 
absorption of the materia! ending on the 
differences in the energy of ncident radia. 
tion. Suppose the material mbarded with 
x-rays of variable and incre wavelengths, 
The first x-rays will have : / short wave 
length, and, therefore, wili vard and able 
to knock out electrons at an »rgy level, Be- 
cause x-rays are absorbed little, they are 
known as penetrating rays 1e wavelength 
is gradually increased, the « ay of the pho 


tons decreases until it is < 
that of level K; the power 
correspondingly increased ( 
power of absorption contin: 
the energy of the photon 


slightly above 
absorption |s 
ration 3). This 
o increase as 
eases toward 


the K level. If the energy e photon de 
creases enough, it no longe alins sufficient 
energy to knock out the elec K and the co 
efficient of absorption drop uptly. In fact, 
the photon is now able tc act electrons 
only at levels L, M, and s th. Its energy 
level, however, remains muc her than that 
of these levels, so the phot ‘| be unlikely 
to cause the photoelectric and will be 
easily transmitted—not abs: This abrupt 
variation of the power of ption corre- 


sponding to the energy le s known as 


discontinuity. As the energ ie photon Is 
further decreased, other ene vels are suc 
cessively approached. At es these levels 
the power of absorption sho n abrupt mo- 
mentary increase or disco; ty. Each of 
these phenomena of discon ty is usually 
described by the name of tt vel to which 
it corresponds. 
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THE STRUCTURE OF DISCONTINUITY PHE: 
NOMENA—More accurate measurement of the 
absorption power of the material and the phe 
nomena of discontinuity caused by the differen! 
energy levels shows that other small discon 
tinuities correspond to the sublevels into which 
each main level is divided. The structure of 
the energy levels of the electrons of an ordi 
nary atom around level M is shown in the Illus 
tration. 

The energy of the electrons rotating around 
the nucleus on their various orbits varies from 
one atom to another because the forces with 
which the single electrons are attracted by thé 
nucleus and repelled by the electrons of other 
atoms also vary. 


RADIOGRAPHY 


w a buyer holds a sheet of paper in 
fre f a light to examine the water- 
m the principle is the same as that 
ust taking x-ray pictures. The buyer 
loc >r differences in the thickness of 
tl r, observing the different degrees 
of sparency revealed by the light 


> light reveals differences in the 

th s of paper, but visible light 
totally inadequate for observ- 
differences in the thickness of a 
f metal, for example. Paper is 
ent because the wood pulp of 
is made reacts to visible light in 

1e way as powdered glass, which 
light through and diffuses it. To 
the interior of a metal requires 

ı such as x-rays to penetrate the 

e. The technique of examining 
rior of solid and opaque sub- 
by x-rays is known as radioscopy 
ays project a visible image on a 
nt screen—or radiography, if the 
recorded on a photographic 


itensity and quality of the radi- 


atic d for radioscopy or radiography 
are ted to suit the body under obser- 
vat “or thick bodies and those com- 
po f elements with a high atomic 
nun a hard and intense radiation is 


y. Certain precautions must be 
) using such radiation because an 
r exposed to it could suffer seri- 
genetic injury. 
diography has important applica- 
tions in medicine, in the technique of 
mechanical construction, and in the phys- 
ical studies of metals and alloys. There 
are almost endless applications in indus- 
try—testing of the internal soundness of 
castings and forgings, correct fabrication 
of materials, detecting reasons for the 
failure of mechanical parts. Modern de- 
velopments include a major increase in 
the nondestructive testing in art muse- 
ums, especially for authenticating paint- 
ings and for discovering hidden images. 
In flash radiography and cineradiogra- 
phy with intense x-ray beams, instantane- 
ous and motion picture sequences are 
made of rapidly moving or changing ob- 
jects. Events are recorded over periods as 


short as one nanosecond (10~® sec). 
The method is used in ballistics for study- 


technical and scientific 
applications of x-rays 


ing armor-piercing shells, explosions, and 


the like. 


THE PRINCIPLE OF RADIOGRAPHY — The 
principle on which radiography is based is 
clarified in this illustration, in which R is the 
tube used to produce the x-rays. The radiation 
used for observation emerges from the anode. 
S is the lead shielding material that protects 
the operator and ensures that the rays emerge 
only in the desired direction. The opaque body 
to be studied—a hand in this case—transmits 
and absorbs the radiation in different degrees, 
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depending on the characteristics and constitu- 
tion of the body. The radiograph is projected 
onto either a photographic plate sensitive to 
x-rays, or a fluorescent screen of a material 
that transforms the x-rays into visible light. If 
a part of the body is thicker than another part 
or absorbs a larger amount of x-rays, the 
amount of radiation transmitted will be re- 
duced, casting a shadow on the screen: in this 
case the shadow of the bones of the hand. 
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THE ABSORPTION OF X-RAYS—lllustration 2 
shows the principle on which radiography is 
based from the physical point of view. A 
source (at left, not shown) emits monochro- 
matic rays; that is, electromagnetic radiations 
having a single wavelength—0.3 A (Angstrom), 
for example. The illustrations indicate what 
happens when these rays strike bodies of dif- 
ferent kinds and thicknesses. 

In Illustration 2a the radiation emitted by the 
source at left passes through a thin layer—5 
mm (about 0.2 in.) thick—of a substance made 
up of a single element with a low atomic num- 
ber, in this case beryllium. The absorption of 
the x-rays depends on the number of electrons 
bound to the atoms they meet in passing 
through. The beryllium atom contains only 4 
electrons, and, since it is in the solid state, 
the atoms are fairly distant from one another— 
on an average of 2 A apart. In passing through 
such a thickness of beryllium, the radiation 
is only slightly attenuated and is reduced by 
less than half. 

In Illustration 2b the thickness of the beryl- 
lium has been increased to 10 mm (about 0.4 
in.), and more of the rays are absorbed than 
before because absorption depends on thick- 
ness according to an exponential law. 

In Illustration 2c the sample, 5 mm thick, is 
of an element with a higher atomic number, 
in this case iron. The atoms in iron are about 
2.5 A apart, but each atom has as many as 26 
electrons, with the result that the probability 
of interaction between x-rays and electrons is 
increased. Furthermore, the electrons of iron 
are generally more tightly bound to the nu- 
cleus than those of beryllium, a characteristic 
that also produces an increase in the coeffi- 
cient of absorption. The 5-mm thickness of 
iron absorbs the radiation effectively but not 
completely. 

If the thickness of the iron is increased to 
10 mm (Illustration 2d), almost none of the 
radiation passes through the substance, 

In Illustration 2e the sample of iron is 5 mm 
thick, but the x-rays are much harder, having 
a wavelength of 0.01 A instead of 0.3 A. The 
5-mm iron sample is Opaque to the harder 
radiation to about the same degree as the 5 
mm of beryllium was to a wavelength of 0.3 A. 
The illustrations show that the harder the 


DIFFERENCES IN ABSORPTION POWERS — 
Illustration 4b shows an object made of an 
alloy of iron and nickel in which the iron is 
distributed in granules among the nickel. Use 
can be made of the fact that for radiation hav- 
ing a particular wavelength, iron has an ex- 
ceptionally high power of absorption. If the 
x-ray picture were made with polychromatic 
radiation, it would be difficult to distinguish 
the iron from the nickel because the two met- 
als have an absorption power that is almost 
equal. If a particular monochromatic radiation 
is used, however, the iron will have a high 
Power of absorption and the nickel a low one. 
Illustration 4a represents the absorption 
power of iron for x-rays. The coefficient of ab- 
sorption is about 50 for x-ray wavelengths 
longer than 1.743 A, but rises abruptly to 465 
for shorter wavelengths. The radiation on a 
wavelength shorter than 1.743 A, for which iron 
has an extremely high power of absorption, is 
absorbed only slightly by the nickel. The ab- 
sorption coefficient of nickel on this wave- 
length is about 60 g/cm?. 
An x-ray picture obtained by using rays with 


x-rays used, the greater the penetration, and 
that not only the atomic number of the ele- 
ments but the thickness of the object to be 
examined must be taken into consideration. 


a wavelength of 1.5 to 1.7 A clearly shows the 
opaque iron against a background of the trans- 
Parent nickel (Illustration 4b). This technique 
(exploiting differences in absorption powers) 
has its limitations because for the wavelength 


2 

€ 

2 

oes 

Se 

ou 

3 

2 E 

2 

2's 

o 

S 

2 

es 
74.5 
54 


intensity of transmission 


= —___ 
THE LAW OF ABSORP —When passing 
through thick objects, » jiminish accor 
ing to the same expone aw that gover 
the absorption of light. aph is of x-ray 
having a wavelength of emitted by 
x-ray tube fed by a cur t 10° volts, al 
passing through a slat uminum. Tables 
have been compiled that the decrease 
intensity as a function thickness th 
has been passed throuc s law of dimin 
ishing intensity is valic for monochro 
matic radiations passir ugh an object 
consisting of a single ele For more com 
plex substances and pol vatic rays, as im 


medical radiography, the of 
the radiation is more cor 
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absorption of 


used the power of absorption is so high thal 
it is possible to x-ray only thin samples of thé 
substance. However, this limitation is naa 
serious one for a large number of technica 
and scientific applications. 
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APHY IN INDUSTRY — Industry 
f radiography to examine large 
tal to see if any cavities were 
g fusion, if cracks appeared dur- 
cooling of welded pieces, or if forged 

heets subjected to great strain have 
d flaws. The spars of airplane wings 
and dings of large pressure vessels are 
ofter d. Radiography of this sort requires 
Special techniques. 

In Illustration 5a an x-ray source has been 
inserted through the opening of a large vessel 
made of welded sheet metal. The outer sur- 
face of the welds is completely covered with 
pieces of x-ray film that are numbered in such 
a way that the area to which each corresponds 
can be identified. The film is covered with 
Paper to prevent it from being blackened by 
visible light. The radiation used to x-ray thick 
Sheets of iron must be extremely hard and in- 
tense, with a wavelength on the order of a few 


thousandths of an Angstrém. Ordinary x-ray 
tubes do not produce such penetrating rays 
and can rarely reach a wavelength of 0.05 A. 
The braking radiation produced by electrons 
emitted by a powerful accelerator is used, but 
this system works only for special samples. 
The accelerator is large and could not be in- 
serted into a vessel such as the one shown. 

The source most commonly used in indus- 
trial radiography is a radioactive isotope car- 
tridge emitting gamma rays (Illustration 5b). 
These rays are of the same nature as x-rays, 
except that gamma rays come from changes in 
the atom or the braking of electrons. By care- 
fully selecting the radioisotope used, radia- 
tion of any desired wavelength can be pro- 
duced. When isotopes are used, the nature of 
the radiation is measured by the energy of 
the photon instead of by the wavelength with 
which it is associated. 


MICRORADIOGRAPHY—By using x-rays it is 
possible to obtain radiographs with a resolv- 
ing power superior to that of an optical mi- 
croscope. The principle on which microra- 
diography is based is the same as that of 
radiography, but there are certain variations 
that increase the resolving power. 

Illustration 6a shows a microradiograph of 
a ceramic metal, alumina-chrome. The radio- 
graph was obtained by employing an emulsion 
with a resolving power of more than 2,000 
lines per millimeter and shows, in a photo- 
graphic enlargement of about a hundred times, 
certain minute details with great clarity. 

The black areas, which are caused by a ma- 
terial rich in chrome, would be invisible under 
an optical microscope; yet they appear here 
very clearly. The resolving power of this sys- 
tem of observation is limited only by the re- 
solving power of the photographic emulsion. 

In Illustration 6b the source is an x-ray tube 
a. Only part of the radiation emitted from the 
anode is utilized, and the selection is made 
by a collimator consisting of a lead diaphragm 
in which there is a small aperture b. The sub- 
stance ¢ to be x-rayed consists of a thin strip. 
If this substance includes a second substance, 
this second substance will throw a shadow on 
the photographic film d. The clarity of the 
outline of the shadow depends on these fac- 7 
tors: the dimensions of the source (the aper- ” 
ture of the collimator), which has a diameter 
S; the distance D between the aperture and 4 
sample, and the distance e between the sam- 
ple and film. The width L of the penumbra on 
the film is given by L = Se/D. 

If S= 0.1 mm, e = 0.1 mm and D=1 m, 
the width of the penumbra L will be 1/100,000 
mm, a much better resolution than can be ob- 
tained with even the best optical microscope. 
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MEDICAL RADIOGRAPHY—The characteristic 
feature of medical radiography is that it em- 
ploys radiation from a tube that emits a con- 
tinuous spectrum of monochromatic rays. An 
x-ray picture made with this radiation has a 
penetration power that varies with the differ- 
ent parts of the body. The bones contain cal- 
cium and are, therefore, much more opaque to 
the radiation than the muscles and organs. In 
an x-ray picture the bones show up clearly. 
Observation is made directly on the negative 
(Illustration 7a) because a positive print would 
blur some of the details. 

To distinguish the form, dimensions and 
position of particular organs requires inject- 
ing the organs with a solution containing an 
element with a high atomic number to provide 
contrast in the image. Barium is often used for 
this purpose. 

Illustration 7b shows the devices and pre- 
cautions required in medical radiography. The 
source of the radiation is that part of the anode 
struck by the small beam of electrons emitted 
by the cathode. The source is rather extensive, 
with the result that the shadow of the body ap- 


pears blurred—as always happens when 
shadow is projected by an extensive light 
source. The illustration shows how the ra 
from the source are scattered as they approagh 
the photographic plate. The effect of this s 
tering is minimized by placing the patient 
close as possible to the plane of the photo 
graphic plate. Increasing the distance betwee) 
the patient and the source would cause a com 
siderable loss of intensity of illumination and 
the exposure time would have to be increased, 
Care must be taken to keep the patient abso 
lutely still; otherwise, the image will be blurra 
and useless. In studying medical x-ray pig 
tures, the observer must bear in mind that@ 
radiograph of an object as thick as the humai 
thorax may sometimes distort the perspectiva 
of certain details. 

Illustration 7c shows an x-ray apparattl 
The patient is placed on the flat surface M 
and must remain motionless if the observatio 
is to be effective. Before taking an x-ray pid 
ture, a visual exploration is often carried oul) 
This requires a fluorescent screen that transi 
forms the x-rays into visible rays. 


GAMMA RADIATION 


AND MATTER 


y energy is radiated, the radiation 
solve quantities of mass or it may 

nly a transfer of energy. Radia- 

the former kind, corpuscular ra- 

is characterized by the emission 

oton, a neutron, an electron, or 

3er particle. It was discovered, at 

oning of the twentieth century, 

natural radioactivity of certain 

ements such as radium included 

ition of bodies with positive and 
charges—protons, called alpha 

r d electrons, called beta rays—as 
he radiation of entities without 


cl ind without mass. These were, 
th », designated gamma rays, and 
w lentified as x-rays of especially 
sh ıvelength—photons at the end of 


tl trum of electromagnetic radia- 
tic includes visible and ultraviolet 


also discovered that, just as at- 
on iected to excitation (as by an im- 
pi vit visible or ultraviolet radiation, 
ate nclei subjected to excitation also 
fons—gamma rays. However, it 
much greater energy to excite a 
jan to excite an atom, and the 
t gamma rays correspondingly 
vat of light rays. It is usual to 
del ‘iation of visible and ultraviolet 
rms of the wavelength of their 
ra at the x-ray end of the spec- 
tri velengths are so short (less than 
100 stroms—in the case of gamma 
ray than 0.1A) that it is more ap- 
propriate to describe photons in terms of 
energy. This is particularly valid because, 
at this end of the spectrum, the photon 
has more of the properties of the quan- 
tum and less those of the wave than, for 
example, at the radio (long-wavelength) 
end of the spectrum, 

The relationship between the energy 
and the wavelength of a photon is very 
simple, and is expressed mathematically 
as À = 12,340/E, in which the wavelength 
À is given in Angstroms and the energy 
E is given in electron volts (ev). The 
wavelength of a photon of 12,340,000 ev, 
more commonly written 12.34 Mev, is, 
therefore, 0.001 A. This falls within the 


range of gamma rays (wavelength be- 
low 0.1 A; energy above 123,000 ev or 
123 Kev). 

One form of gamma radiation is the 
bremsstrahlung radiations, which are 
sometimes identified as x-rays, with an 
energy of some 100 Mev, generated by 
the deceleration of electrons resulting 
from impact near the nucleus of an atom. 


BEHAVIOR OF GAMMA RAYS 


In the case of visible or ultraviolet radia- 
tion (and even more in the case of infra- 
red radiation), the photon behaves more 
like a wave, showing properties of inter- 
ference, diffraction, dispersion, and re- 
fraction, In the case of x-rays and partic- 
ularly gamma rays, the photon displays 
properties associated with energy, such 
as impact and absorption. In its rela- 
tionship with material bodies, the gamma 
ray is absorbed at a rate that depends on 
the density and thickness of the absorb- 
ing body, the energy of the photon, and 
how the photon and the atoms of the 
body interact. The thicker the layer of 


THE PHOTOELECTRIC EFFECT—The principal 
cause of absorption of x-rays in matter is the 
photoelectric effect. It is also applicable to 
high-energy gamma rays. Along the left axis of 
the illustration the cross section of interaction 
is given in square centimeters; the greatest 
probability of absorption of gamma rays by the 
penetrated matter, following the extraction of 
electrons from the atoms of that matter, is rep- 
resented at the top of the axis. The cross sec- 
tion is higher—that is, the probability of ab- 
sorption is greater—in the case of atoms of 
heavy elements such as lead and silver, atoms 
with a greater number of electrons. Moreover, 
as the initial energy increases (from left to 
right along the base), the cross section de- 
creases—very rapidly up to approximately 0.5 
Mev, then more gradually. If the first part of 
the diagram, corresponding to low energies 
(and here the first portion of each curve may 
be assumed to be slightly wavy), had been 
drawn in greater detail, it would have shown 
that the capacity of matter to absorb gamma 
rays depends on the probability of the gamma 
rays extracting electrons; and that this prob- 
ability depends in turn on whether its energy 
is high enough to extract an electron from an 
energy level of the atom in question. This illus- 
tration shows that the knowledge of the be- 
havior of gamma radiation is satisfactory in re- 


the most penetrating 
electromagnetic waves 


the body absorbing (or being penetrated 
by) gamma rays, the less the intensity of 
the penetration. This is expressed mathe- 
matically, according to a formulation in 
relation to the absorption of light (some- 
times called the Beer-Lambert Law): 
I=Ie-; in this formula, the final in- 
tensity I equals the product of the initial 
intensity I) and the natural logarithmic 
base 2.718 (e), raised to a negative 
power, with its exponent based on the 
rate of the absorption u and the thick- 
ness of the body x. The value of M de- 
pends on the process by which the 
gamma rays are brought to act on the 
body. These processes are: 


1. The photoelectric effect, in which 
gamma rays are absorbed and give 
up their energy to the electrons in 
the atoms of the body. 

2. The Compton effect, in which 
gamma rays encounter the electrons 
of the body as though they were 
all billiard balls, and transfer their 
energy through mechanical impact. 

3. Pair production, where extremely 


gard to energies up to approximately 1,000 
Mev; such energies are produced by decelerat- 
ing particles emitted by accelerators. 
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THE COMPTON EFFECT — This phenomenon, 
named after the English physicist Sir Arthur 
Compton, consists in the recoil of the electron 
of an atom when the electron is hit by a pho- 
ton, and is shown in Illustration 2a. A gamma 
ray hits an electron and behaves as if it had 
mass and kinetic energy. It jolts the electron 
with an energy that depends on the angle of 
the impact; after the impact its wavelength is 
reduced. Illustration 2b shows how the cross 
section of this reaction decreases as the en- 
ergy of the gamma ray increases. The Comp- 
ton effect can occur at any energy level, but 
is more probable at an energy level of less 
than 100 Kev (10-' Mev); when the energy of 
the gamma ray exceeds 1 Mev, the binding en- 
ergy of the electron within the atom, almost 
always less than 100 Kev, is usually negligible. 


— 


energetic gamma rays pass very 
near an atomic nucleus and are 
transformed into electrons and posi- 
trons, which change part of the 
energy of the photon into mass. 

4, Nuclear photodisintegration, where 
extremely energetic gamma rays dis- 
integrate a nucleus into its compo- 
nents. 

5. Elastic scattering, where atoms, and 

especially their nuclei, behave as 

resonators: the gamma rays set the 
atoms to vibrating, and they then 


PAIR PRODUCTION — A gamma ray with an 
energy exceeding approximately 1.02 Mev has 
an energy equivalent to the mass of two elec- 
trons, when evaluated in mass units according 
to Einstein’s formula, E = mc?. This accounts 
for the phenomenon of pair production, the 
creation of matter from energy. When a gamma 
ray passes near an atomic nucleus, it may be 
transformed into an electron and a positron 
(positive electron), and its energy becomes 
partly the mass and partly the kinetic energy 
of these particles. Pair production, unlike the 
photoelectric and Compton effects, becomes 
more probable as the energy of the gamma ray 
increases; in excess of a certain limit, how- 
ever, the probability ceases to increase and a 
state of saturation is reached. 
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incident gamma ray 


re-emit the energy of the vibr: 
in a direction other than that ol 
original gamma rays. The emis 
can also occur in several stages 
decreasing levels of emission. 


either theoretically or experimentally, 
relationship between the cross section 9 


to the radiation as a possible target) a 
the magnitude of p. 


Illustration 3a shows a gamma ray pa: 
near the nucleus of an atom and being t 


clei that are approached by the ray. As fh 
energy of the gamma ray advances from th 
threshold energy of 1.02 Mev to 1,000 Mev, th 
probability increases; thereafter, saturé 


cleus, the greater the probability of pair pr 
duction. 


nucleus 


o 


electron 


positron 


b 
10° 
Pb 
Ag 
= 10-* 
E 
g 
c 
2 
5 10° Al 
2 
2 
5 
10” 


elec 
phe 
fror 
nuc 


cross section (em?) 


pe 


ption (cm7 ') 
© 


£ 
6 
9 
a 
G 
“w 
o 
- 
E 
2 
= 
E 
9| 
9 
8 
2 
3 


electric 


on of 


ma ray striking a nucleus with suffi- 
ergy can expel one of the neutrons 
yn 4a). Electrons are bound to their 
lei by energies of thousands of elec- 
the innermost shell by as many as 

; (0.1 Mev); but neutrons are bound 


gamma r. 


PHOTODISINTEGRATION—Just as the photo- 
effect results from the extraction of an 
n by the absorption of a photon, so the 
photodisintegration 
ə Impact of a photon on an atomic 


results 


come possible. 


nucleus 
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within the nucleus by an energy of approxi- 
mately 8 Mev. It requires very high energy, 
therefore, to bring about photodisintegration. 
Illustration 4b shows the cross section for 
the photodisintegration of a nucleus; the min- 
imum energy level is seen to be about 8 Mev; 
the maximum is reached at an energy of two 
or three times the threshold level, depending 
on the kind of nucleus, and at higher energy 
levels this phenomenon is no longer operative; 
other processes of nuclear disintegration be- 


ELASTIC SCATTERING — A gamma ray can 
strike a nucleus from many angles and become 
scattered in a direction other than that of its 
origin, through processes similar to those tak- 
ing place between less energetic radiations 
and an atom. These processes are: 

1. Thomson scattering, in which the gamma 
ray strikes the nucleus and sets it vibrat- 
ing; the nucleus loses energy and emits 
a gamma ray equivalent in energy to the 
incident ray, but in another direction. 

2. Rayleigh scattering, which occurs through 
the action of the atom's electrons. 

3. Resonance scattering, which occurs when 
the gamma ray excites an energy level 
within a nucleus (protons and neutrons 
are arranged in energy levels similar to 
those of electrons in an atom), which in 
turn re-emits the ray. 

The general effect of all these phenomena is 
to cause a change in the direction of the 
gamma rays; therefore, if the rays are origi- 
nally collimated, they are scattered without be- 
ing absorbed. The illustration shows the scat- 
tering of gamma rays with an energy just 
exceeding 1 Mev, striking a block of lead; the 
gamma ray appears luminous in order to sug- 
gest its original direction and subsequent scat- 
tering. 
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TOTAL ABSORPTION—This illustration shows 
the absorption curve obtained by combining all 
the effects that produce absorption of gamma 
radiation. Three elements are involved: alum- 
inum (Al), with small atomic weight; copper 
(Cu), with intermediate atomic weight; and lead 
(Pb), with great atomic weight. Absorption is 
strong at low energy levels, decreases at about 
10 Mev, then increases in the 1,000-5,000 Mev 
range, with greater increases for the elements 
with greater atomic weight. A study of these 
absorption phenomena indicates the complex- 
ity of the interaction of gamma rays with matter. 
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MICROWAVES AND 


RADIO W AVES | links with the satellites 


The electromagnetic spectrum comprises 
radiations of many types, from gamma 
rays with very short wavelengths to radio 
waves with very long wavelengths. The 
latter group—those with long wave- 
lengths, which also include the so-called 
microwaves—have in common the fact 
that they are not invariably the result 
of an energy release in the atomic or mo- 
lecular level. Gamma radiation involves 
a release of particles from the nuclei of 
atoms; x-rays are emitted when electrons 
change their energy levels within an 
atom or when electrons collide at great 
speed against another electron or atom. 
Ultraviolet and visible radiations result 
from the passage of electrons from one 
energy state to another within atoms or 
molecules; even infrared radiation results 
from the oscillation of molecules or the 
vibrations of atoms. All these are radia- 
tions of shorter wavelength than micro- 
waves and radio waves, which may result 
from the passing of alternating electrical 
currents through conductors, the length 


microwaves SHF 


THE LONGER WAVES OF THE ELECTRO- 
MAGNETIC SPECTRUM—Microwaves and ra- 
dio waves comprise an important and very 
extensive part of the electromagnetic spec- 
trum. This illustration shows the various bands 
into which this part of the spectrum is custom- 
arily divided, according to wavelength (at 
the top) and their corresponding designations 
(at the bottom). The wavelengths increase in 
length from left to right, beginning where the 
infrared radiation leaves off (all radiation with 
wavelengths of less than 1 mm is generally 
classified as infrared). The band of micro- 
waves, in its narrower interpretation, com- 
prises radiation with wavelengths between 1 


UHF 


of which is comparable to that of the 
wave of alternating voltage propagated 
along the conductor. 

Microwaves and radio waves also share 
another important physical property: 
their electrical fields have a frequency of 
alternation that is low when compared 
to those of other electromagnetic radia- 
tions. If a solid consists of molecules 
capable of assuming different orienta- 
tions under the effect of an electric field, 
an electromagnetic wave passing through 
that solid may produce an orientation of 
the molecules more or less pronounced 
according to the length of the wave. If 
the waves are long, the electric field will 
change direction more slowly than when 
the waves are short, and the molecules 
can, as a result, orientate themselves 
more completely. The dielectric constant 
and the index of refraction of a solid, in 
turn, depend on the capacity of its mole- 
cules to vary their orientation. Theoreti- 
cally, at least, the dielectric constant 
should exactly equal the square of the 
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mm and 1 cm, although in some cases the next 
band, the so-called centimetric band, is also 
included among the microwaves. This band, 
with wavelengths from 1 cm to 10 cm, used 
for telecommunications, is the superhigh fre- 
quency (SHF) band. The ultrahigh frequency 
(UHF) band extends from 10 cm to 1 m; the 
very high frequency (VHF) band from 1 m to 
10 m; and the high frequency (HF) band from 
10 m to 100 m. The band between 100 m and 
1 km is known as the medium frequency (MF) 
band; that from 1 km to 10 km as the low 
frequency (LF) band; and that from 10 km 
to 100 km as the very low frequency (VLF) 
band. It must be remembered that the wave- 


index of refraction; but this is true wil 
reasonable approximation only when t} 
waves are long; the shorter the way, 
the greater the deviation between the 
two values. In other words, long electi 
magnetic waves most rigorously satis 
the relationship between the index 
refraction and the dielectric constant, 

Microwaves and radio waves (the 
ter are sometimes described as Hertzia 
waves, in honor of the German physicist] 
Heinrich Rudolf Hertz, who first pr 
duced them under laboratory condition: 
have numerous practical application 
Both radio and television transi 
utilize radio waves. Microwaves, on thé 
other hand, because of their higher fi 
quency (a consequence of their less 
length), are used to study the struci 
of the molecules of solids, as well as foi] 
radar and certain types of radio tı 
missions. 

One branch of physics is concern 
with the paths of electromagnetic radi 
tions when they penetrate transpa 


10 km 


MF 


lengths increase in inverse proportion to W 
frequencies. 4 
When the wavelength exceeds 100 km, M 
field of phenomena associated with slow val i 
tions of electric fields has been entered: i 
this range of wavelengths, electromagne 
radiations do not give rise to any obvio 
quantum phenomena in their interactions wil | 
matter, because the atomic and subatom 
particles in matter are bound together W 
energies that far exceed those possessed” 
electromagnetic photons. Quantum pheno 
ena, on the other hand, take place whenev! 
there are interactions between microwal 
and molecules. 


THE LECTION OF MICROWAVES AND 
RAD ‘AVES—Before understanding how 


elec tic waves are generated and re- 
cei necessary to know how they 
beh ər example, how they are reflected. 
Alt omagnetic waves, whether long or 
sho ave in much the same way when 
refle and the type of such waves most 
thor studied, light waves, provides a 
moc general, reflection occurs on the 
surfs ı conducting substance such as a 
meta n a gaseous conductor such as the 
ioni ses of the upper part of the at- 
mos} -the so-called Kennelly-Heaviside 
layer /onosphere—permits the reflection of 
wav particular lengths. 

Th nomenon of reflection is shown in 
Illus 2a, A beam with a well-formed 
way pinges on a flat or curved sur- 
face rajectory of the beam is deflected 
acci to the laws of optics. However, if 
the ing surface is uneven or rough (as 
in li ion 2a’), instead of true reflection, 
diffi cours; and if the surface is very 
rol wave front is destroyed. If the 
rou can be gradually diminished, at 
sor t the incident wave ceases to be 
diffe id is reflected. This point is not 
pre ut, in analogy with the behavior of 
light y be assumed that it is represented 
by « of roughness at which the up-and- 
dowr ht does not exceed one fourth of the 
wave of the radiation. If the up-and- 
dowr t does not exceed one eighth of 
this v ngth, the surface is smooth enough 
to p the wave front perfectly. 

Th shined finish of the metallic surfaces 
usual wd in the construction of reflectors 
dot usly affect the reception of SHF 


or UH aves. The reflector for microwaves 


show: tration 2b is made from ordinary 
sheet metal, and no special care was taken 
to polish its surface. 

Even perforated sheet or a mesh will 
obtain fect reflection in the case of even 
longer waves. Such a surface is often used for 


reflectors of very large size that may be sub- 
ject to high stresses caused by the wind. Care 
must be taken, however, that the holes are less 
than the previously mentioned one fourth or 
one eighth of the wavelength of the radiation 
to be reflected. Illustration 2c shows the sur- 
face of a reflector constructed in the form of 
a metal lattice. 

Aside from the phenomena of reflection that 
can be produced artificially in laboratories or 
in technical applications, it is important to con- 
sider the reflections that occur in nature when 
radiations strike terrestrial or atmospheric ob- 
stacles. Among these are reflections by ground 
Surfaces, reflections by the surface of the sea, 
reflections produced by objects arising from 


either the land or the sea, and reflection by 
the clouds of ions and electrons existing in the 


(about 62 mi). 


bodies or are reflected by opaque bodies 
—in other words, the optical geometry 
of their rays. In many respects the optics 
of microwaves resembles that of visible 
or ultraviolet radiations. A radar antenna 
with a parabolic reflector, for example, is 


substantially analogous to a beacon. This 
fact has facilitated the solution of various 
problems encountered in connection with 
practical applications of microwaves to 
communications. Large-scale develop- 
ment of microwave techniques for radar 


use during World War II provided a 
stimulus in the postwar development of 
microwave communications systems, A 
microwave radio-relay system was put 
into use across the United States in 1951, 
with six channels in each direction. 
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REFRACTION PHE: ENA—Microwaves are 
naturally refracted v n they cross zones of 
the atmosphere with weak conducting prop 
erties, that is, zones ‘ncapable of completely 
absorbing the waves. In the laboratory, it jg 
possible to conduct a scientific test of the 
refraction of micro) s by producing paral 
lel beams of rad ı and measuring the 
change of direction that occurs when they 
cross refracting boc such as a prism of 
pitch—a substance composed of aromatic hy- 
drocarbons with a well-defined dielectric con- 
stant and an index of refraction very close to 
its theoretical value. A source of microwaves. 
projects the electromagnetic waves against 
parabolic reflector, wh renders them paral- 
lel and directs them a pitch prism. After 
the prism has deflected the waves, an optical 
system that is the |r e of the preceding 
one, including a collimator that concentrates) 
the waves into a receiver, shows that th 
optical system has received the waves from 
the right direction. If the system indicates the. 
absence of waves, it must be rotated through 
an angle ô in order to detect them. 


DIFFUSION—This phenomenon is especially” 
important in its technical applications for rad 
dio. In order to propagate electromagnet 
waves used in radio transmissions, different 
phenomena can be e ited according to th 
wavelength of the giv adiation. If the radia* | 
tion has a wavelengit) in the HF band, for} 
example, the reflection of the upper layers 0l 
the atmosphere wil! ensure that transmission] 
from any point on the Earth’s surface will be 
diffused between the surface and the lower 
layers of the atmosphere and will, therefore 
be capable of reception anywhere on Earth 
(depending, of course, on the strength of th 
transmission). Very short waves, on the other” 
hand, can escape from the atmosphere into) 
space and can only be received in the im 
Mediate vicinity of the broadcasting station 
by receivers on a line-of-sight from the and 
tenna of the transmitter. Some transmissions) 
such as permanent radio links, that are ef 
fected by means of parallel beams, even reg 
quire that the beam be as parallel as possible” 
after projection against the parabolic reflector | 
that acts as collimator. One source of dist 
turbance in such a case is the diffusion caused | 
by the tiny droplets of water suspended in the | 
atmosphere, the matter of which mists andi 
clouds are made. The path of radio waves) 
across such droplets is entirely analogous t0 
the path of a beam of light that becomes dif-| 
fused; but the refraction index of water for 
microwaves is much lower than it is for light) 
and the angles between the sections of the) 
path shown in Illustration 4a have therefore) 
been purposefully exaggerated. | 
Illustration 4b shows a large dome of plastic) 
material that protects a large radar installa- | 
tion against stresses from wind. The dome Is | 
penetrated by the radiations generate | 
within it, and the diffusion undergone by the) 
beam in penetrating the dome does not ta 
any way impair the perfect functioning of thé} 
radar equipment. | 


COSMIC RADIATION 


Intersi matter is not distributed 
even! areas where matter is com- 
paratis lense have a nebular (cloud- 
like) rance; other areas, where 
atoms natter are farther apart, seem 
to be parent. A few atoms of gases, 
such as ^ydrogen, or of metals, such as 
iron « ‘cium, are found among the 
stars i ities as low as one atom per 
cubic centimeter. Because one cubic cen- 
timet he atmosphere surrounding 
the Es ontains about 10 molecules, 
interst space, by comparison, may 
be cor d empty. 

Ina n to the atoms already men- 
tioned eady bombardment of cosmic 
radiati diation reaching the Earth 
from outside the solar system), traveling 
at nes ie speed of light, constantly 
falls on ‘he Earth from all directions. 
These originate among the extra- 
galacti vulas, which are separated by 
distan | millions of light-years. 


The radiation refers to a variety 


of pl phenomena having certain 
prope: common. All radiations 
carry that penetrates matter and 
is par entirely absorbed by appro- 
priate ances. Radiations are gen- 
erally ‘ed into two broad groups: 
corpus: and electromagnetic. Cor- 
puscular radiations include high-speed 
electrons emitted in the spontaneous 


decay of radioactive substances, and ar- 
tificially accelerated particles, such as 
cathode rays, which are electrons 
emitted by the negative electrode, or 
cathode, during the electrical discharge 
in a vacuum tube. 

The form of electromagnetic radiation 
most readily known and studied is light, 
which originates principally from the 
Stars; the powerful light of the sun is the 
most obvious example. However, if the 
sun were a few light-years away, its rays 
striking the Earth would be as weak as 
the light received at night from the 
starry sky. 


THE DISCOVERY OF 
COSMIC RADIATION 


For several decades after the discovery 
of radioactivity, the electroscope was the 


£ ‘ 
THE RELICS OF NUCLEAR PHYSICS—A great 
variety of particles and energies cause many 
nuclear interactions in cosmic radiation. Il- 
lustration 1a shows the disintegration of a 
lithium nucleus A with the simultaneous emis- 
sion of a proton a, a deuteron (proton and 
neutron) b, and a tritium particle (proton and 
two neutrons) ©. 


energy from outer space 


te wom ak, 
ica T> 


Illustration 1b shows the disintegration of 
a heavy nucleus of film emulsion (bromine 
and silver). Because of the arrangement of 
trajectories of the disintegration products, 
this phenomenon is usually called a star dis- 
integration. The nuclear plate reproduced in 
this photograph was exposed to cosmic rays 
at a height of about 25 km (about 16 mi). 


principal instrument used to study nu- 
clear phenomena. The gold-leaf electro- 
scope consists of a metal case with a 
glass window; inside the case two thin 
gold leaves hang from a metal rod ( sepa- 
rated from the metal case by an insulat- 
ing sleeve), which protrudes from the 
top of the box. The gold leaves are ob- 
served through the glass window. Usu- 
ally the case is electrically grounded. 
When a charged substance touches 
the top of the metal rod, the gold leaves 
fly apart because both leaves have the 
same charge and because like charges 
repel each other. Little by little, how- 
ever, the leaves drop to their original 


position as the charge gradually lessens, 
This is because the air or gas surround- 
ing the leaves of the electroscope is al- 
ways slightly ionized; that is, it always 
contains a few free electrons and 
charged molecules, or ions. If the leaves 
are positively charged, they attract nega- 
tive ions, and the positive charge that 
repels the leaves is gradually neutral- 
ized. Negatively charged leaves attract 
positive ions with the same result. 

For a decade scientists had assumed 
that the discharge of the electroscope, 
in the absence of any other sources of 
radioactivity, was due to radioactive 
elements in the crust of the Earth, Then, 
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HIGH ENERGY EVENTS—The nucleus at A 
has been struck by a meson that has caused 
it to disintegrate. The disintegration products 


a few researchers sought more precise 
reasons for this phenomenon. In 1910, 
Thomas Wulf of Germany tried to study 
the natural discharge of the electroscope 
by carrying an instrument to the top of 
the Eiffel Tower. From this height he 
expected the instrument to discharge a 
little more slowly than it did on the 
ground because it was farther removed 
from all sources of radiation. However, 
the rate of discharge did not change. 

During the same year the Austrian 

physicist, Victor F. Hess, began a series 
of experiments to measure radiation at 
even higher altitudes. Taking with him 
the most sensitive and accurate electro- 
scopes available, he ascended in a bal- 
loon to an altitude of 5,100 m (about 
16,700 ft), a very great altitude for that 
time. This was the first of several balloon 
ascensions by Hess and others for the 
purpose of measuring radiation. Hess 
discovered that the electroscope dis- 
charged at twice the rate that it had at 
ground level. From this experiment he 
concluded that a radiation of very great 
penetrating power enters the atmo- 
sphere from extraterrestrial sources. At 
5,000 m( 16,404 ft) the instruments were 
above at least half the mass of the atmo- 
sphere, and any radiation originating 
from the rocks in the crust of the Earth 
was for all practical purposes elimi- 
nated. 

Many years passed before Hess’s ex- 
planation was accepted. The prevailing 
opinion was that the atmosphere might 
contain traces of radioactive gases, 
Other experts thought that the radiation 
was produced by thunderstorms high in 
the atmosphere. 

From 1923-1926 the American physi- 
cist Robert A. Millikan carried out a re- 
markable series of experiments in cosmic 
radiation. By 1927 he and most of the 
test of the scientific community accepted 


include a meson, and this has caused another 
reaction at B. 


the hypothesis that the radiation dis- 
covered by Hess did come from beyond 
the Earth’s atmosphere. Millikan called 
this radiation cosmic rays, a name that 
has been universally accepted. 


WHY COSMIC RADIATION 
IS STUDIED 


A knowledge of the variety of cosmic 
rays and of their properties is essential 
before a theory of the origin of these par- 
ticles can be constructed. The studies in 
the 1920s led to rapid progress in the 
understanding of cosmic radiation. Since 
its invention in 1911, the Wilson cloud 
or expansion chamber has been used to 
study these rays. This instrument is es- 
sentially a glass box with a movable 
wall, or piston. The box contains a mix- 
ture of alcohol vapor and some suitable 
gas. When the volume of the box is sud- 
denly increased by pulling back the pis- 
ton, the gases expand and the tempera- 
ture drops. The alcohol vapor then 
condenses into droplets, which form a 
fog in the box. If the expansion is prop- 
erly controlled, however, a smaller tem- 
perature change is produced and the 
vapor condenses only around ions, which 
appear as a row of droplets. When these 
have had time to grow, their track is il- 
luminated with a flash of light, which 
is photographed. However, the cloud 
chamber and other devices available 
during the 1920s were not precise instru- 
ments for measuring cosmic radiation, 
and many erroneous conclusions were 
drawn. 

In 1928 the German physicist Hans 
Geiger invented a radiation counter, 
which has become one of the most 
widely used tools of experimental phys- 
ics since that time. The Geiger counter, 
as it is called, is an instrument for de. 
tecting and measuring ionizing particles 


that pass through it. It consists of g 
closed metal tube with a thir metal wire 
stretched along its axis, The “ibe is filled 
with a suitable gas at a press’ ve of about 
a tenth that of the atmosphe . The wire ® 
is supported by insulators is kept at 
a positive electrical potenti: o that the 
tube and the wire can act -lectrodes, 
Knowledge of the precise re of cos- 
mic rays was greatly expa: +d by the 
use of this device. 

Scientists also continued ir studies 
of radiation at higher alti) s in order 
to discover possible differ: between 
particles found in interpla ary space 
and the same kinds of parti that have 
interacted with the nuclei atoms in 
the atmosphere. The Swiss sicist Au- 
guste Piccard made the t balloon 
flights into the stratosphere 1 order to 
study cosmic radiation. 

Today cosmic radiation studied 
principally through measure ents made 
by space probes and artifi satellites 
that carry radiation counte and other 


recording devices clear o° he atmo- 
sphere and sometimes mill of miles 
into interplanetary space. 

The fields of cosmic ray arch are 
constantly expanding. One « ese fields 
is the study of primary radi. on—radia- 
tion that has not been altere >y passage 
through the atmosphere. S scientists 
are using the Earth as a m t to ana- 
lyze cosmic rays. The mag field of 
the Earth extends for a ver treat dis- 
tance into space and alters ne trajec- 
tories (curved paths) of t particles 
that approach the Earth. Sinc- the mag- 
netic field of the Earth is iniiuenced by 
solar phenomena, changes in the flow of 


cosmic radiation can be correlated with 
solar events. 

Experiments are being carried on to 
study the interactions of very high en- 
ergy cosmic rays that cannot yet be pro- 
duced by accelerators in the laboratory. 
Some particles of cosmic radiation have 
energies as high as 10% ey (electron 
volts). The most powerful accelerators 
are capable of producing particles with 
energies up to 10'° ev, or only one ten- 
billionth as much energy. 

Long-range research programs are be- 
ing carried on in related areas—pr0- 
grams that may be useful in forming 
theories regarding the origin of cosmic 
rays. These include a study of the inten- 
sity of radiation with respect to time: 
The devising of ever more sensitive tech- 
niques for radiation detection and mea- 
surement has led to extensive study of 
nuclear transmutations produced by the 
cosmic rays present in the crust of the 
Earth. These studies may be useful for 
showing up geological or biological phe- 


development of new devices has made possi- 
ble cosmic ray research that could not have 
been undertaken with any hope of success a 


nomena of bygone eras, as well as any 
variations in the intensity of the radia- 
tion that may have occurred through the 
centuries. Useful indicators may also be 
found in similar transmutations that cos- 
mic radiation has induced in the ele- 
ments present in meteorites. 


A COSMIC LABORATORY 


From studies carried on between 1930 
and 1950 physicists had identified the 


few years ago. One example is the bubble 
chamber, which has been changed from a 
simple device a few inches long to a mam- 
moth, complex detector that covers the walls 
of the control room. The illustration shows the 


greater part of the elementary cosmic 
particles—light mesons, heavy mesons, 
and baryons (particles that correspond 
to the excited state of the nucleons: pro- 
tons and neutrons). However, the prob- 
lems of the origin of cosmic rays and 
how they acquire their tremendous en- 
ergies are still unsolved. Discovery in 
1968 of the track of a transuranium nu- 
cleus in cosmic rays implied a nearby 
source, perhaps a supernova, because the 
transuranium elements are short-lived. 


extraordinary number of electron-positron pairs 


(diverging trajectories) that can be detected 
by a modern cloud chamber. The positron was 
discovered in 1932 in cloud chamber pictures 
of cosmic rays. 


Of all the forms of cosmic radiation, the 
nature of light is best understood, and 
this study is only at its beginnings. The 
energy brought to Earth by cosmic rays 
is comparable in quantity to the energy 
that arrives from all the stars (with the 
sole exception of the sun). Further knowl- 
edge of cosmic rays may produce knowl- 
edge of vital importance to the solution of 
problems in many fields. It may even lead 
to an understanding of how matter is 
created in the universe, 
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BLACKBODY LAWS 


An understanding of the properties of a 
blackbody (an object that is a perfect ab- 
sorber) is important for an understand- 
ing of such phenomena as the warmth 
of the sun and the fact that dark-colored 
clothes keep people warmer than light- 
colored clothes. In addition, physicists 
study and utilize blackbody properties 
to gain insight into the fundamental prop- 
erties of matter and of light. 


RADIANT ENERGY 


Before blackbody properties can be stud- 
ied, certain other concepts should be un- 
derstood. Among these is the concept of 
radiant energy, which can be understood 
from a mental experiment: 

Assume the existence of a container— 
insulated on the outside with firebricks— 
from which the air inside is extracted so 


CONDUCTORLESS TRANSMISSION OF EN- 
ERGY—A body suspended inside a furnace 
in which a vacuum has been created cannot 


la 


be heated by convection. It will be heated, 
instead, by heat radiated by the walls (Illus- 
tration 1a). 


characteristics that determine the colors 
best adapted to everyday use 


that a vacuum is created inside the con 
tainer. The container is heated to a pre 
determined temperature, perhaps 600°C 


stance that will not disintegrate at 
temperature is suspended in the center 
of the container by a fine metal wire. If 
the lump is hotter or colder than the con 
tainer, in a short time its temperature 
will be equal to that of the container, 
The heat cannot be transmitted either by 
the air (since the lump is suspended in 
a vacuum ), or by the wire (for it cannot 
transmit that much heat so quickly). 
heat is transmitted by radiation—energy 
emitted from the container walls in the 
same way light is—and absorbed by thé 
substance suspended in the container. 

Once the specimen and the container 
are thermally balanced, however, this 
exchange of radiant energy does not stop, 
Energy is still emitted by the walls and 
strikes the body. This energy is no 
partly absorbed and partly reflected back 
toward the walls. What part of the eni 
ergy is absorbed depends on what is 
called the absorptive power of the sub 
stance, which is measured in percent] | 
ages. A substance with an absorptive | 
power of 25 percent will absorb 25 per 
cent of the energy that strikes it. Since 
the specimen and the container are ther 
mally balanced, the specimen must emit 
as much energy as it absorbs. If the 
amount of energy that hits the specimen 
is called A, the absorptive power of the 
specimen called a, and the energy emit- 
ted by the specimen called E, the rela” 
tionship can be expressed mathematically 
as 


aA=E, 


Since the amount of radiant heat ek 
change between the walls of a body and 
its surroundings depends on a, the closer 
a is to unity, the greater the speed at 
which energy is exchanged between the 
specimen and the walls. 


THE COLORS OF MANY 
OBJECTS ARE NOT JUST A 
MATTER OF FASHION 


The phenomena just described involve 
the absorption, reflection, and radiation 


Ib 


RADIATIO? exchange of heat takes place 
inside the © through radiation, shown by 
of therm gy. However, the descrip- 
tions cou: as well be applied to light 
energy. i h cases, the basic unit is 
an elect stic wave, felt as either 
heat or | depending on its wave- 
length. 

In the { visible radiation (light), 
a very : 1ount can be detected by 
the hun but the visible rays form 
an extr small proportion of the 
total rac \ from any source of arti- 
ficial lig) d are absent in radiation 
from any ator at a temperature below 
a red he t cannot be assumed that 
surfaces ppear black to the eye 
and are ally perfect absorbers of 
visible li e equally perfect absorb- 


ers of the invisible rays. Instruments for 
detecting or measuring radiation, such as 
the thermopile or bolometer, depend for 
their accuracy on the completeness of the 
absorption of all radiation over a range of 
wavelength about 100 times greater than 
that of visible light. The sensitive receiv- 
ing surfaces of such instruments are nec- 
essarily metallic and would be extremely 
Poor absorbers of radiation. They are 
accordingly coated with a film of lamp- 
black or a similar substance to make the 
absorption as complete as possible. 
Lampblack (smokeblack), consisting 
of extremely fine particles of carbon, is 
usually taken as a typical example of a 
black substance. The majority of black 
substances owe their blackness to the 
Presence of particles of carbon embedded 


the arrows (above), and continues even after 
thermal equilibrium is attained. 


in a binding medium. (Even black sub- 
stances reflect some light at the surface 
when smooth or polished. ) 

For scientific experiments in which 
complete absorption of the incident light 
is required, reflection at the surface must 
be avoided as far as possible. For this 
reason, the internal surfaces of optical 
instruments such as telescopes, micro- 
scopes, and cameras are coated with a 
flat black varnish having a matte surface 
to eliminate internal reflections that 
would obscure or fog the image. An ab- 
sorption equivalent to 98 percent of the 
incident radiation may thus be obtained 
under favorable conditions, but it is ex- 
tremely difficult to estimate the percent- 
age defect and to make sure that it is the 
same for all wavelengths. Some allowance 
is usually made for incomplete absorp- 
tion in modern experiments, but it re- 
mains one of the chief sources of uncer- 
tainty in accurate measurements. 

An example of near-perfect blackness 
can be seen by removing the lens from 
a box camera and covering part of the 
aperture with a card painted with high- 
quality flat black paint. The uncovered 
part of the aperture will appear of a 
much higher order of blackness than the 
most perfect flat black coating procura- 
ble. The advantage of the method lies in 
the fact that the blackness thus secured is 
equally perfect for all wavelengths be- 
cause of the complete elimination of sur- 
face reflection at the aperture. 


As can be seen from the mathematical 
law previously expressed, a body that ab- 
sorbs a great amount of light or heat will 
reflect only a little light or heat—as a 
approaches 1, the amount that will be 
reflected decreases. Conversely, a body 
that absorbs only a small amount of light 
or heat will reflect a great deal of light 
or heat. 

Experience has shown that the color 
of an object affects its absorptive power. 
Dark-colored clothes are warmer than 
light-colored clothes. This is why sum- 
mer clothes are often white or pastel, 
while winter clothes are often dark or 
black. This fact has been exploited in 
many ways. In those countries with gla- 
ciers, when a glacier is advancing too 
rapidly, a dark substance (like lamp- 
black) is sprayed over the glacier to help 
melt it. A vacuum bottle is also a good 
example of how this phenomenon is uti- 
lized. Such a device consists of a double- 
walled glass bottle placed inside a metal 
protective casing, A vacuum is induced 
between the two glass walls so that heat 
cannot be transmitted to the outside 
container by convection. To avoid trans- 
fer of heat by radiation, the surfaces of 
the glass bottle are covered with silver. 
Silver has a low absorptive power, which 
prevents a rapid transfer of heat outside 
the bottle. 


EXPERIMENTAL 
CONFIRMATION 


The following experiment proves that 
bodies with high reflective power and 
low absorptive power cannot emit a sig- 
nificant amount of radiant energy be- 
cause they do not absorb very much, 
while bodies with low reflective power 
and high absorptive power emit signifi- 
cant amounts of energy. 

Two small, highly finished copper 
blocks are coated, one with chrome, the 
other with black copper. The blocks are 
then placed in a furnace heated to not 
more than 700°C (1,292° F). After both 
blocks reach the temperature of the fur- 
nace, it can be seen that the chrome-cov- 
ered block emits either no light or barely 
perceptible light, while the black-coated 
block emits a dull red light (see Ilustra- 
tion 2). Space vehicles are often coated 
in black and white patterns to control 
heat radiation inside the spacecraft. 
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POOR ABSORPTION EQUALS POOR EMIS- 
SION—At 700° C (1,292° F), two bodies, one 
coated with a chrome finish and the other 
with a black finish, appear, respectively, dark 
and red. This is visible proof that the body 
with the lower absorptive power (the body 
with the chrome finish) is less emissive, while 
the body with the higher absorptive power 
(the body with the black finish) is more 
emissive. 


THE BLACKBODY 


Some bodies are so absorptive that their 
absorptive power is close to 100 percent, 
By virtue of the equation 4A =E, they 
also are highly emissive. When cold, they 
emit radiant energy at a wavelength not 
visible to the human eye, and appear 
black. The sun is such a blackbody and 
would not reflect anything if it were illu- 
minated, 

Illustration 3 is a drawing of an almost 
perfect blackbody called a Kirchhoff cav- 
ity. This is a container with a hole bored 
in its wall. The light entering the hole 
hits a point inside and is reflected many 
times before even a small part of it is re- 
flected back out through the hole, Thus, 
almost all the radiant energy is absorbed. 
A Kirchhoff cavity, named for Gustav 
Kirchhoff, the German physicist who first 
studied the theoretical laws of radiant en- 
ergy, emits exactly the same radiations 
that a perfect blackbody would emit at 
the same temperature, no matter what 
color its inner surface, 


BLACKBODY RADIATION 


The study of the radiation emitted by a 
blackbody has resulted in many impor- 
tant scientific discoveries and useful ap- 
plications. Aside from these, the results 
of blackbody radiation study can be gen- 
eralized for all bodies, regardless of color. 
A body reacts in the same way as a black- 


body to the degree that it is black: the 
darker a body, the closer its absorptive 
and radiative properties are to those of a 
blackbody. 

A careful study of the results of the ex- 
periment shown in Illustration 4 reveals 
several important basic properties of 
blackbody radiation and suggests certain 
applications for them, First, the higher 
the temperature at which radiation is 
emitted, the more predominant the violet 
3 
BLACK AND BLACKER—A body with a black 


exterior is not always a perfect blackbody. 
However, a hollow container with a very small 


end of the spectrum. This 
temperature to be measu 
of color. The optical pyr 


ment used for measure 


and molten metal tempe 
tance, is an example of t 
this property has been 
type of optical pyrom« 
small telescope. Inside 
lamp, heated by a curr 
trollable. The control is « 


opening to allow radiation 
has the characteristics of a 


of furnagg 
res ata 


oks like @ 
an electri 
that is con 
ed until the 


ape or enter 


t blackbody, 


lamp matches the radiating surface in 
brightness current required to do 
this is rea a a scale which is marked 
for temperatures. 

Any st e that has been vaporized 
and subj ) extremely high tempera- 
tures als like a blackbody. This 
property d to equip nuclear war- 
heads wi o-called “eye” to sense ra- 
diations e to the human eye. Such 
a sensin acts as a guide for the 
missile. more striking use, how- 
ever, is i astronomy. Distant stars 
also ex lackbody characteristics; 
thus, no e temperature of a star, 
but also ents occurring inside it, 
can be l from a study of the 
radiatioy ting from the star. Solar 
radiatio) ches the outside of the 
Earth's vere, is in quality quite 
similar f a blackbody at 5,800° 
K (abo C), and is effectively 
contains in a spectrum extending 
from al jm wavelength in the 
ultraviol jut 3 wm in the infrared, 
maximu y falling near 0.5 wm in 
the visi! 1. The blackbody radia- 
tion of a ke the sun is the temper- 
ature al blackbody would emit 
radiatio ime intensity. 

An ai the spectrum of a heated 
blackb eveals that at any tem- 
peratur ctrum of a blackbody 
contains different visible and in- 
visible \ ths, although one color 
may be inant to the human eye. 
For exa t 500°C (932°F), when 
a blackh ows dark red, a number of 
electroma > waves of different wave- 
lengths ar itted. 

RELATION BETWEEN 
BLACKBODY RADIATION 
AND TEMPERATURE 


A final property of blackbody radiation 
is that the total amount of radiation 
emitted increases at a rate faster than the 
temperature. Doubling the temperature 
produces sixteen times the intensity of 
radiation. An example of this phenome- 
non can be seen, inversely, every time a 
Powerful lamp is turned off. Immedi- 
ately, the brightness of the filament de- 
cteases—at first very rapidly, and then 
more and more slowly—until it is finally 
dark, The law of progression that it fol- 
lows is not proportionate to the more 
Sradual fall in temperature. 


BLACKBODY RADIATION—(a) 550° C (1,022° 
F). A reddish light is barely noticeable. The 
visible spectrum contains only a little red on 
the end. 

(b) 600° C (1,112° F). A faint dark red light 
is emitted. The visible spectrum contains 
slightly more red than before. 

(c) 800°C (1,472° F). The light becomes 
orange in color. Orange is also present in 
the visible spectrum. 

(d) 1,200° C (2,192° F). The light is a very 
intense yellow. 


In 1879, the Austrian physicist Josef 
Stefan first stated this law of progression: 
the total radiation of a hot body (black- 
body) is proportional to the fourth power 
of its absolute temperature. 

The most complete verification of the 
fourth-power law was made in 1897. 
First, a blackbody heated by steam at 
100° C (212° F) was used to standardize 
a bolometer. The radiator was a black- 
body consisting of a copper sphere heated 
in a salt bath for the range 200 to 600° C 
(392 to 1,112° F), and an iron cylinder 
heated in a gas muffle for the range 600 
to 1,250° C (1,112 to 2,282° F). The tem- 
peratures were taken with a high-range 
mercury thermometer, and with thermo- 
couples, corrected to the gas-scale by di- 
rect comparison with a gas thermometer 
up to 1,150°C (2,102° F). One of the 
chief experimental difficulties of this in- 
vestigation is the wide range of variation 
of the intensity of the radiation to be 
measured, which is nearly 450 times as 
great at 1,250°C as at 100°C. The ex- 
perimenters employed an extremely sen- 


(e) 2,000° C (3,632° F). The light is very in- 
tense and white. All the colors of the spec- 
trum are present except violet, which is still 
faint. 


(f) 20,000° C (36,032° F). At this tempera- 
ture a substance is no longer either solid or 
liquid. However, assume that the experiment 
continues with a solid blackbody. In this case, 
the light emitted is intensely blue. All the 
colors of the spectrum are present, with strong 
predominance of the violet band. 


sitive type of bolometer, and a galva- 
nometer capable of giving a deflection of 
336 mm (about 13.2 in.) under standard 
conditions, with a beam of radiation 16 
mm (about 0.62 in.) square at a distance 
of 633 mm (about 25 in.) from the black- 
body at 100° C. For the higher intensities, 
it was necessary to reduce the sensitivity 
in a known ratio by varying the distance 
of the bolometer from the source, and 
the current in the bolometer circuit. The 
results for the relative intensities agreed 
on the average to about one percent with 
the fourth-power law over the whole 
range of the observations. The law has 
since been verified up to 1,500° C (2,732° 
F) by extending the range of the gas 
thermometer and thermocouples, and 
down to —250° C (—418° F) with bolom- 
eters. 

The fourth-power law is sometimes 
called the Stefan-Boltzmann law because 
the Austrian physicist Ludwig Boltzmann 
showed, in 1884, that the fourth-power 
law could be deduced from thermody- 
namic principles. 
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TEMPERATURE AND 


hot objects do not always 
contain a great deal of heat 
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QUANTITY OF HEAT 


The way in which man keeps warm in a 
cold climate, the sparkling of a distant 
star, or the functioning of an internal 
combustion engine can be explained in 
terms of temperature and quantity of 
heat, In fact, the relative “hotness” or 
“coldness” of a body is used to explain a 
great many physical phenomena. 

One difficulty in understanding the 
theory of temperature is defining hot and 
cold, An object may feel hot or cold to 
the touch, but such definitions are rather 
inexact. What is needed is a more pre- 
cise, scientific definition of temperature 
and its effect on matter. 

The sensation of hotness or coldness 
that is felt when contacting another sub- 
stance is relative; that is, the object 
touched can be either hotter or colder 
than the hand that touches it. The exact 
degree of heat felt can only be deter- 
mined by an instrument such as a ther- 
mometer. By placing several objects in a 
row so that each one will always be hot- 
ter than the one to its left, it can be said 
that all of the objects are classified ac- 
cording to their relative temperature. In 
the same way, mixing two glasses of hot 
and cold water in a third container cre- 
ates a liquid with a temperature value 
somewhere between the two original tem- 
peratures. A heat exchange has taken 
place in which the colder liquid has ab- 
sorbed heat from the hotter one, 

These simple experiments demonstrate 
the existence of heat and the ability of 
bodies to exchange this heat, The thermal 
state of a body is, then, one definition of 
temperature. From the sense of heat nat- 
urally derives the idea of a continuous 
scale of order expressed by such terms as 
summer heat, fever heat, and white heat, 
in which all bodies may be placed with 
regard to the degree of hotness as distinct 
from the quantity of heat they contain, It 
can be observed that boiling water will 
cause serious burns to a hand in large 
enough amounts, but a drop of water of 
the same temperature will not cause a 
serious burn. The reason is that a single 


drop will not succeed in heating the sur- 
face layer of skin. In this case, the quan- 
tity of heat available is the determining 
factor as well as its temperature. 

It can be seen that temperature and 
quantity of heat are really two different 
things. This difference can be further 
demonstrated by heating a needle in a 
flame and immersing it in water. The re- 
sulting hiss and the fact that the needle 
quickly cools shows that the temperature 
of the much smaller object has been 
strongly affected by the large quantity of 
water. On the other hand, the increase in 
water temperature in this reaction is so 
slight that an ordinary thermometer will 
not measure it. The needle had a much 
higher temperature than the water but 
did not transfer much heat in the cooling 
process. 

A large kettleful of boiling water con- 
tains more heat than a teacupful although 
both may be at the same temperature. 
The temperature does not depend on the 
size of the body but on the degree of con- 
centration of the heat in it, that is, on 
the quantity of heat per unit mass, other 
things being equal. More ice could be 
melted with the water in the kettle than 
with the water in the cup because the 
water in the kettle can give off more 
heat. 

At 266°C (80°F), ten pounds of 
water will melt more ice than one pound 
of water at 37.7°C (100° F); even though 
the ten pounds of water can evolve more 
heat, the pound of water is at a higher 
temperature. Thus, it is possible for an 
object to have a high temperature and 
give off little heat, to have a high tem- 
perature and give out a great deal of 
heat, to have a low temperature and give 
off little heat, or to have a low tempera- 
ture and give off a great deal of heat, 

It is axiomatic that a given body in a 
given state under given conditions must 
always contain the same quantity of heat 
and that different quantities of the same 
substance in the same state under the 
same conditions must contain quantities 
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of heat proportional to their several 
masses, An exception is the effect of shape 
on vibrational heat, normally not detecta- 
ble. It is necessary to determine by ex- 
periment how the heat content varies for 
any given substance in different states or 
for different substances in similar states 
and how temperature variations affect 
heat content. 

Physicists call such functions as tem- 
perature and quantity of heat intensive 
and extensive magnitudes. By intensive 
magnitude is meant the characteristics 
of the state of a body that do not depend 
on mass or volume (that is, tempera- 
ture). 

On the other hand, extensive magni- 
tude refers to those states that depend on 
the quantity of matter involved. 

When two objects with the same prop- 
erties and temperature are joined, the 
larger object that results will still have 
the same temperature as before. Simi- 
larly, two objects traveling at the same 
speed will not form a body traveling at 
twice the speed if they are joined. The 
intensive magnitude in each remains the 
same. 

In the case of extensive magnitude, the 
results are entirely different. For ex- 
ample, if two bodies of the same weight 
are put together, the resulting body will 
weigh twice as much. When the two 
bodies contain the same quantity of heat, 
the result when they are joined will be a 
body with twice the amount of heat of 
either of the original bodies. Energy is 
another additive characteristic, and is 
thus an extensive magnitude. 

Thus, it can be said that temperature 
and quantity of heat are the intensive 
and extensive characteristics, respectively, 
of the thermal properties of the same 
body. 
EE 


TEMPERATURE AND VOLUME—Although the 
filament of a light bulb attains a very high 
temperature, the quantity of heat will remain 
relatively small because the filament is small 
in size. The temperature, however, increases 
to a large degree (intensive magnitude). 
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MEANING OF TEMPERATURE—All matter is 
made up of atoms in continual and somewhat 
disorderly agitation. In a solid, atoms oscillate 
around a fixed position, and collisions vary the 
speed and direction of these oscillations. The 
average speed of the atoms in a cold object 
(Illustration 3a) is quite low, but they move 
very rapidly in a hot object (Illustration 3b). 
Thus, temperature depends on the speed of 
agitation of the atoms in a particular object. 


| 
HOT AND COLD OBJECTS — In placing i 
and cold objects together, the faster atoms) 
in the hot object will collide with the slower 
atoms of the cold object and transfer energy | 
to the cold object. This heating process iq 
Spontaneous and usually irreversible. The) 
atoms of the cold object cannot move thé 
faster atoms of the hot object in such colli 
sions, which explains why heat never passes” 
from a cold object to a hot one. | 


QUANTITY OF HEAT—A large thermal pool 
contains a considerable quantity of heat even 
though the temperature of the 
be high. This is because the at 


body (water) are greater in numb 
er and gen- 
erate more energy than those in a 
> small 
water may not body despite the fact that they have Tower 
oms in a large vibration Speeds. Š 


THE CONDUCTION 


IEAI 


OF 


If a pot © ng water is taken off the 
burner of e, the water will eventu- 
ally cool emperature of the room. 
An ice © utside a refrigerator will 
eventual! and the water will rise 
to the te: e of the room. Both ex- 
amples sh > propagation of heat, 


such a na | spontaneous phenom- 


enon tha, persons give it much 
thought. 

In intui guage, the heat con- 
tained in | lios is propagated toward 
the enviro: becoming dispersed in 
it; in the « a colder body, the en- 
vironment heat to it and warms it. 

Propagat F heat means simply that 
heat in a by ill in time pass into some 
other nea dy, provided the second 
body i lower temperature, This 
poses thre: Jems of physics: What is 
heat, how ropagated, and what are 
the mecha hy which it passes from 
one bods ther? The answers are 
importan urge number of technical 
applicati: they involve some very 
complex ns. This article deals with 
the last t estions. 

THE Ti RMS OF HEAT 
PROPA( I 

Heat is ; jated in three ways: by 
conductio: avection, and radiation. 

Conduct is a form of heat propaga- 
tion that oc through a mass of a solid 
whenever a part of the solid is at a higher 


temperature than the remainder, Con- 
duction also occurs in liquids and gases, 
but in conjunction with propagation by 
means of other mechanisms, In solids, 
heat and thermal energy are propagated 
without any movement within the body. 

In convection, heat is transported by 
the movement of matter, For example, 
the coolant of an automobile engine 
Moves from the engine block to the ra- 
diator, and the heat removed from the 

lock is transported to the radiator by 
means of the coolant. 

Heat propagation by radiation occurs 
without any movement of matter and can 
occur even in a vacuum. Radiant heat is 
characteristic of the way in which heat 
1S transmitted from the sun to the Earth, 

rom the flame in the fireplace to the per- 
son standing in front of it, and from the 


a natural but 
complex phenomenon 


filament of an incandescent lamp to the 
surrounding environment. 

When a hot body cedes heat to colder 
bodies in its vicinity, all three of these 
mechanisms—conduction, convection, and 
radiation—normally come into play. This 
article will consider conduction only. The 
more complex subjects of convection and 
radiation, the latter involving laws of 
optics and the theory of electromagnetic 
waves, require separate treatment. 


STATIONARY AND TRANSITORY 
CONDITIONS 


Because the study of conduction con- 
cerns the distribution of heat within bod- 


CONDUCTION—This type of heat transmission 
is typical of solid bodies. The worker shown 
must protect his hands with gloves; otherwise, 
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ies, solving a heat conduction problem 
requires determination of the tempera- 
ture at every point within a body and at 
all instants of time. The heat distribution 
within a body may or may not vary with 
respect to time. 

For example, suppose that boiling 
water at 100°C (212°F) is running 
through a long tube and that the tem- 
perature will remain constant. To ensure 
that the water will not cool while passing 
through the tube (because the external 
environment is at a lower temperature), 
the tube is covered with an insulating 
substance to prevent the heat from being 
easily propagated into the air, where it 
would become lost. 


the heat propagated along the handle of the 
instrument with which he obtains a sample of 
molten steel would burn his fingers. 
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If the insulation is effective, the tem- 
perature measured at the contact surface 
between the insulating material and the 
tube will always be 100° C, while at the 
outer surface of the insulation, that in 
contact with the air, the temperature 
might be 20°C (68°F), the average 
temperature of the environment. 

Determining the distribution of the 
temperature across the layer of insulat- 
ing material is a particular problem in 
thermal conduction, Although heat con- 
tinues to pass through the thickness of 
the insulating material from the inside 
to the outside, the temperatures within 
the insulating material do not vary and 
the temperature distribution does not 
vary with respect to time. This presents 
a condition known as a stationary con- 
dition. 

If a copper bar is suddenly immersed 
in hot water, in the beginning every point 
of the rod will be at room temperature, 
The immersed part of the rod soon be- 

comes heated and the heat is propagated 
along the rod. 


CONVECTION AND 
RADIATION—The jet 
of steam that rises 
from Surtsey Island in 
Iceland (Illustration 
2a) carries heat from 
deep inside the Earth 
into the atmosphere 
by means of convec- 
tion. The foundry 
worker controlling the 
correct functioning of 
a furnace (Illustration 
2b) holds a screen 
in front of his face 
to protect himself 
against the heat leav- 
ing the furnace by 
means of radiation. 


Determining the way in which the 
temperatures are distributed within the 
bar at every instant after the immersion 
presents a problem that involves transi- 
tory conditions—conditions of tempera- 
ture distribution that are destined to vary 
and will disappear. If the copper rod is 
left with one of its ends immersed in hot 
water for a sufficient time, an equilibrium 
will be reached; that is, the quantity of 
heat that enters at the immersed end will 
be equal to the amount that is dispersed 
by the parts that are exposed to the air. 
From that moment on the temperature 
distribution within the bar will not vary. 
The bar has now attained a stationary 
condition. 

A more complex case is presented if 
the bar is immersed in hot water and the 
water is then replaced with ice, Alternat- 
ing hot water and ice at short intervals 
produces a continuous variation of heat 
transfer within the bar and makes a sta- 
tionary condition impossible. The tem- 
perature of the bar will vary continu- 
ously. 


APPLICATIONS 


Various applications both in pure ane) 
applied science require an understand ag 
of thermal conduction. | 
Knowing the properties of matter from | 
the point of view of heat conduction o 
quires knowing certain characteristi¢ | 
that help explain the atomic structut 
of matter. For example, it is known thal 
heat conduction depends on the percent 
age of free electrons within matter. 
conduction is, therefore, an exterior anii 
macroscopic effect—an effect that can? 
perceived by the senses—of an ato mi 
property of matter that is not visible by 
direct observation. i 
To determine what thickness of 
lating material should be used in the a 
struction of a refrigerator requires know 
ing the heat conduction properties of 
material chosen. ' 
Before constructing a generator, É 
thermal energy (such as a steam bod 
with an oil-fired flame, or a nuclear i 
actor) the designer must know how 


ted across the materials 


heat is c 

that separ’ the flame from the bodies 
that must ' eated—in the case of the 
boiler, the | tube that separates the 
flame fro: water to be vaporized. 
This dete: the temperature drop 
that mus! between the heating 
agent and body to be heated and, 
conseque! material that must be 
used for « ting the tube. 

The pre! f knowing the heat dis- 
tribution \ a solid is analogous, at 
least fron mathematical point of 
view, to tł lem of knowing how an 
extraneous tance is diffused within 
a solid, 

THE COEFFICIENT OF 
CONDUCTIVITY 

Consider « s of various walls, each 
1 cm thick each made of different 
materials ice of each wall is kept 
in contac? boiling water, the other 
in contac! ce. The quantity of heat 
that is p ‘d across, for example, 
one squa: neter of each wall will 
depend ot haracteristics of the ma- 
terial fror ch it is made and is mea- 
sured by cular value of the coeffi- 
cient K, "! ent is a measure of 
the heat iuctivity of the material. 

Some my.‘ sais are good conductors of 
heat; others are good insulators. The 
value of the constant K generally mea- 


sures the number of calories that pass 
through 1 cm? of a wall 1 cm thick in 1 
second when there is a temperature dif- 


ference of 1 C ° between the two faces 
of the wall. 


e eee 
Table of Coefficients of Conductivity K 


silver 1.1 
copper 0.92 
aluminum 0.49 
cork 0.0001 
expanded polystyrene 0.00007 
wood 0.0005 
water 0.001 
nitrogen 0.00006 


Watir and gases have a very low ther- 
mal conductivity; however, before they 


THE SIMPLEST CASE: FOURIER’S WALL — 
The simplest case of heat conduction is illus- 
trated above. 

A wall of known thickness S, wholly made of 
the same material and extending to infinity in 
either direction, is brought to a certain tem- 
perature Ta—100° C (212° F), for example. 
How is the heat transmitted across this wall? 
The answer can be determined either by means 
of mathematical calculation or by means of 
experiment. Either method will confirm that the 
quantity of heat that crosses the wall in 1 
second is proportional to the area A of the 
wall that is being considered and proportional 
to the temperature difference between the two 
faces, but is inversely proportional to the thick- 
ness of the wall. The quantity of heat that is 
transmitted is also proportional to a constant 
that depends on the characteristics of the ma- 


terial from which the wall is made. These prop- 
erties of thermal transmission can be sum- 
marized by a formula. If the surface of the wall 
(shown by the dashed section) involved in the 
transmission is denoted by A, the formula is: 


E A L Wed 
Q=KA $s 
where Q is the quantity of heat transmitted and 
K is the constant that depends on the thermal 
transmission characteristics of the wall. 

The graph represents the temperature varia- 
tions within the wall. Because the temperature 
decreases uniformly from one face of the wall 
to the other, the corresponding part of the 
graph is a straight line. This means that the 
temperature variation in stationary conduction 
is a very simple one. 


nm, 


can be used for heat insulation purposes 
it is essential to take precautions that 
will prevent the heat from being propa- 
gated by means of mechanisms other 
than conduction. 

All foamy substances are poor conduc- 
tors of heat because only very small 
quantities can be propagated through the 
small thickness of the membranes that 
constitute the walls of the cells or 


through the air contained within these 
cells. This air is immobilized and can- 
not, therefore, transmit heat by convec- 
tion. This accounts for the very low con- 
ductivity of porous materials such as 
sponge, pumice, and expanded polysty- 
rene, all of which have been expanded 
by means of a gas that has formed mi- 
nute bubbles dispersed throughout the 
mass. 
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KIRCHHOFF'S LAWS 


When the light emitted by a star or a trum, according to the wavelengths of for example, the pressure 


nebula is analyzed in a spectroscope—a 


device that disperses light into a spec- 
1 


A BODY IN A HOLLOW CONTAINER—To dem- 
onstrate the equality of the emission and ab- 
sorption power of a body, an object is sus- 
pended within a hollow container by a thread 
that cannot transmit heat energy; the object 


KIRCHHOFF’S EXPERIMENT—This illustration 
depicts a famous experiment conducted by 
Kirchhoff to show that, at a constant tempera- 


the light-many phenomena occurring 
within the star or nebula are revealed— 


is, therefore, completely isolated from the 
walls of the container (Illustration 1a). If the 
container is now brought to a higher tempera- 
ture, the temperature of the suspended object 
also increases—and no matter how much the 


ture, a body absorbs the same radiations that 
it emits. A voltaic arc A is formed between two 
electrodes, which will become highly incan- 


the emission and 
absorption powers of a bocy 


the gas in 
these distant bodies. This oressure jg 
found to be extremely sm ‘—less than 


temperature of the contain raised, the 
suspended object will ev / have the 
same temperature as the wa’ e container, 
Of course, some time will e before @ 
temperature equilibrium is əd between 


descent near the spark gap because of k 
flow of current. A lens L collects the light end 
ted by the arc and focuses it into the intal 


that in a t ihly evacuated air cham- troscopy, to determine differences in 

ber on Ea stars and often in neb- pressure and temperature within the 

ulas it is possible, through spec- layers that can be directly observed 
through optical instruments. 

jaa The laws of physics that make these 


observations possible were formulated 
by a German physicist, Gustav Robert 
Kirchhoff, in the 1860s. Kirchhoff made 


the object container—but it is always 
eventually J}. In practice, it has been 


found that ect can remain indefinitely 
insulated f' radiant heat of its environ- | a general analysis of the problem of the 
ment. oa i A 
ifa data ination is made of a part | “mission of heat and light from various 
of the surfa © suspended object, shown | Sources—and the laws he formulated 
greatly mag“ n Illustration 1b, it appears | apply not only in astronomy, but also in 
that the flo energy F strikes the surface any field involving the transmission of 
and is part! bed aF and partly reflected Sat 
rF back to | il of the container. If F is | heat energy by radiation. To Kirchhoff 
unity (1), th a = 1. It has been assumed | belongs the credit for enunciating a com- 
that the su d object is not transparent; m analysi: 
if it were tr ent, the equation would not plete See of me cath and 
hold, inas part or all of the radiation | establishing the method on a solid basis. 
would pass ghħ—be transmitted by—the | Kirchhoff was the first to explain the 
object. hofi ; 
Each pai © surface of the suspended Fraunhofer lines. 
object will 3 portion aF of the energy 
it receives se the object is hot, it will | RADIATION AND MATTER 
also emit unt of energy W. When an 
equilibrium perature is reached, as PEF P 
described the amount of energy emit- | Radiation phenomena include all phe- 
ted equals unt absorbed; that is, W = | nomena resulting from the emission of 
aH 28 the Panaon i a v a | energy in the form of electromagnetic 
s Is an lon of Kirchhoff's law, whic! ii 
states the io of the radiation emitted | Waves, such as the energy emitted by an 
per unit c! © area and the absorption | incandescent body because of the mo- 
Powe is c and depends solely on the | tion of its component atoms or mole- 
the AN i iatan the compasion Ci Weulan Experiments show that any body 
becomes luminous and emits visible rays 
of red light, if its temperature is raised 
= a to about 500 to 550° C (932 to 1,022° F). 
res, these bodies emit 
Slit of a spectroscope, which disperses the At lower tempaa ee: Ape 
light according to wavelength into a continu- | infrared radiation, which has the same 
ous spectrum, In the illustration, however, a | characteristics as light but has longer 
gas flame has been interposed between the wavelengths. 


arc and the spectroscope, in such a way as 
to cover the incandescent light of the arc. The 
flame emits a yellow light, caused by the 
Presence of sodium in the vapor being burned. 
Although the flame continues to appear trans- 
Parent to the eye, it will cause a black line to 
appear on the continuous spectrum at the 
Point where the yellow characteristic of so- 
dium would normally (without the interposition 
of the sodium-charged flame) appear, This line 
is caused by the absorption of the radiation 
with a frequency equal to that emitted by 
sodium. 

Kirchhoff's experiment is frequently per- 
formed in laboratories that carry out chemical 
analyses by means of absorption spectroscopy 
of atoms. The spectrum of the test element is 
Used to absorb the line or lines within the 
Spectrum in the spectrophotometer. The more 
abundant this element is in the sample, the 
More of it is absorbed in the spectrum. 


One of Kirchhoff’s laws states that the 
power of a body to emit radiation is the 
same as its power to absorb that radia- 
tion at the same temperature. Under this 
law, it is understood that absorption 
power means the quantity of energy ab- 
sorbed in unit time by a unit of surface 
of the body receiving the radiation; and 
that emission power means the radiant 
energy emitted in a unit time by a unit 
of surface of the body. These magni- 
tudes can be proved equal. In another 
experiment to prove one of Kirchhoffs 
laws, a body is shown to emit those kinds 
of radiation that it has the power to ab- 
sorb, providing that other conditions, 
particularly temperature, do not change. 
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APPLICATIONS — Kirchhoff's discovery soon 
found important applications, It became possi- 
ble, for example, to understand why the stars, 
including the sun, display absorption spectra; 
in fact, it became clear that the core of a 
star emits radiations from layers at extremely 
high temperatures; whereas the outer layers, 
closer to interstellar space toward which the 
radiation is directed, are colder and strongly 
absorb part of the radiation emitted by the 
inner layers. The diffuse nebulas, on the other 
hand, have an almost uniform temperature 
and, therefore, display only emission spectra. 
It therefore became possible to use spectros- 
copy to determine whether a celestial object 
is a star or a diffuse nebula: if it has an emis- 
sion spectrum, it must consist of diffuse gases 
and be a nebula; if it has an absorption spec- 
trum, however, it must be a star or group of 
stars. Thus it was no longer necessary to 
observe these objects directly through tele- 
scopes; spectroscopic evidence was enough. 
Illustration 3a is part of the spectrum of the 
star Deneb (œ Cygni), the continuous back- 
ground of which is broken by absorption lines 
of the elements found in the star's atmosphere, 
which absorb part of the light emitted by the 
underlying layers. Only stars with an atmo- 
sphere hotter than the underlying layer, or 
photosphere, emit a line spectrum. 
Illustration 3b shows the process that leads 
to the inversion of the lines in a stellar atmo- 
sphere such as that of the sun. In the lower 
left part of the illustration, the light blue 
area represents the ionized matter that emits 
the continuous spectrum. Above this, when- 
ever the temperature and pressure are such 
as to permit the gas to be no longer ionized, 
is the transparent atmosphere. However, this 
transparency disappears in correspondence to 
those wavelengths characteristic of radiations 
that the elements in the stellar (solar) atmo- 
sphere are themselves capable of emitting. 
A very small layer of stellar atmosphere, of 
the order of a few hundred meters, can pro- 
duce the absorption detectable from the Earth. 
This layer, called an inversion layer, trans- 
forms an emission spectrum into an absorp- 
tion spectrum. The graph on the right side of 
the diagram shows the separation of the pho- 
tosphere F, which marks the border between 
the ionized and non-ionized matter, and the 
inversion layer I. As the graph shows, the tem- 
perature T falls very rapidly in the inversion 
layer as the distance increases above the pho- 
tosphere. 
Illustration 3c is a photograph of the gas- 
eous Trifid nebula (M20) in the constellation 
of Sagittarius. Its constituent gases are all in 
a state of extreme rarefaction. Nevertheless, 
most of the atoms are not ionized, and most 
of the emitted radiation is produced by the 
atoms in the form of a few characteristic radi- 
ations. The nebula easily absorbs energy from 
outside but emits only a few characteristic 
wavelengths; it behaves, therefore, like a body 
with a high coefficient of absorption but only 
a small coefficient of emission. 
Such a body was said above not to be capa- 
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container in Illustration 1) is thermal energy 
and has a continuous spectrum. A nebula, 
however, can participate in nonthermal ex- 
changes of energy, and this causes the dis- 
parity between emission and absorption, The 
temperature of the nebula, therefore, rises to 
tens of thousands of degrees. Yet even in the 
case of a nebula, an equilibrium is eventually 
reached; the disparity between emission and 
absorption causes an increase in temperature, 
but the emission continues to increase with 
the temperature until it becomes equal to 
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the absorption. In these conditions of equilib 
rium, the temperature of the nebular gas may 
exceed that of the environment around the 
nebula, This does not contradict the prine 
ples of thermodynamics, because a nebuli 
absorbs energy by means of collisions willy 
particles of interstellar dust and interactions 
with the magnetic fields present in space, 
The upper part of Illustration 3d shows the 
slitless spectrum of a planetary nebula, The 
lower part shows the same spectrum obtained 
through a slit in the spectroscope. 


EXAMPLES OF THERMAL 
CON DUCTION 
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HETEROGENEOUS WALL 
d through a wall accord- 
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why walls protect 


years ago. The limestone walls of the 
cave provided an insulating barrier be- 
tween the cold air outside and the 
warmer air inside, The walls of a modern 
home serve the same purpose, often in- 
corporating insulating material especially 
chosen for its low thermal conductivity. 


each stage corresponding to one homogeneous 
layer of the wall. When one of these layers is 
a much better insulator than the others, the 
greater part of the temperature drop will occur 
within this layer. 

A real wall with a thin air cavity (Illustration 
1c) is a particular case of the previous ex- 
ample. The thin layer of air conducts the heat 
much less readily than do the solid parts of the 
wall. The layer of air is, therefore, a great ob- 
stacle to the propagation of heat. 

Illustration 1d shows a transmission phe- 
nomenon in the case of the fuel element of a 
nuclear reactor for the generation of electric 
power. The fuel element consists of a uranium 
cylinder that develops heat while the reactor 
is in operation. This heat must be propagated 
across the aluminum sleeve (other metals and 
alloys are also used), which prevents the radilo- 
active substances formed within the cylinder 
from reaching the outside. In a new fuel ele- 
ment the aluminum sleeve almost touches the 
uranium, and the heat is easily propagated 
from the uranium to the water flowing past the 
outside of the sleeve. The water absorbs the 


man against the cold 


The purpose here is to present exam- 
ples of thermal conduction in which heat 
is transmitted through bodies of various 
forms, and examples of transitory thermal 
phenomena—those cases in which a body 
is heated at a certain instant and the sit- 
uation is then caused to change rapidly. 


reaction heat, boils, and is transformed into 
steam. In order to keep the outer face of the 
sleeve at a temperature of 550° C (1,022° F), 
for example, the uranium In contact will be at 
600° C (1,112° F). The variation of the tem- 
perature within the fuel element is shown. 
After the reactor has been In operation for 
some time—during which the uranium and the 
sleeve have undergone heating and cooling 
innumerable times—the two elements will be- 
come distorted and no longer in perfect con- 
tact with each other (Illustration 1e). If the re- 
actor is to continue supplying the same power, 
the outer surface of the aluminum sleeve must 
remain at a constant temperature. Because 
there is no longer a perfect contact between 
the aluminum and uranium, the temperature 
of the uranium must now be greater than be- 
fore. In this case the uranium may become 
damaged; it may crumble or become even more 
distorted, thereby causing the aluminum sleeve 
to break. All this occurs because the lack of 
contact between the uranium and the alumi- 
num causes a great temperature drop between 
the inner and outer parts of the fuel element. 
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A MORE COMPLEX STATIONARY PROBLEM 
—lllustration 3 shows how complicated a prob- 
lem becomes when the geometric form of the 
body within which the heat is propagated is 
no longer as simple as those shown previously. 

In the case of a wall standing on the ground 
and being supplied with heat through the 
ground (Illustration 3a), suppose that the tem- 
perature of the base is maintained at 10° C, 
while the temperature of the two faces, which 
are in contact with the air, is 0° C. The calcu- 
lations required to determine the temperature 
variations within this wall are far more com- 
plex than they were in the Previous case. How- 
ever, the solution can be shown by drawing 
lines representing the isothermal surfaces and 
lines along which the heat will flow. These lines 
will be perpendicular to the surfaces. The heat 
is propagated from the base toward the faces 
of the wall from which it is then dispersed into 
the external environment. 

Another complex mathematical problem that 
has important applications is that of a tube in 
an insulating sheath (Illustration 3b). Suppose 
that a hot liquid flows through the tube and 
maintains it at a constant temperature. To en- 
sure that this heat does not escape to the out- 
side, the tube is covered with a sheath of in- 
sulating material. The problem is to determine 
how the heat is propagated within this sheath, 
expressing the answer in terms of the tempera- 
ture drop between the inside and the outside 
of the sheath, the insulating properties of the 
material, and the thickness of the material. The 
formula that expresses the amount of heat 


propagated across the sheath is: 


2LK (t; — ty) 
log b/a 


where Q is the quantity of heat transmitted, a 
is the internal radius of the sheath, b is the ex- 
ternal radius, L is the length of the sheath, K 
is the coefficient of conductivity, t, is the tem- 
perature on the inside of the sheath, and t, 
the temperature on the outside of the sheath. 
Q is inversely proportional to the logarithm of 
the ratio between the external and internal di- 
ameters of the sheath. This means that the 
greater the thickness of the insulating sheath 
(the internal diameter remaining constant, as 
in case b’), the greater the insulation. Note, 
however, that the transmission does not de- 
crease in inverse proportion to the thickness; 
the thickness must be tripled to halve the 
conduction. Alternately, if the inner diameter 
is reduced while the outer diameter is kept 
constant, there will again be an increase in 
the protective efficiency of the sheath (case 
b”); the increase will depend on the ratio of 
b/a—the external and internal radii. 

A cylinder heated at the base (Illustration 3c) 
is a case in which one end of a bar made 
of conducting material is in contact with a 
heat source, while the rest of the rod is ex- 
Posed to cold. The heat enters at one end 
of the rod and leaves through the entire ex- 
ternal surface. The temperature within de- 
creases exponentially—the decrease between 
any pair of equidistant points is a fixed pro- 
Portion of the higher temperature. 
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100° 


length of bar 
A NONSTATIONARY CASE—A most difficult 
case of heat propagation Is that involving a 
body whose points are initially at a certain 
temperature, but later at temperatures that vary 
with respect to time. This is the case of a round 
bar that is thermally insulated from its environ- 
ment and whose center is instantaneously 


brought to a temperature of 100°C, the rest 
of the bar remaining at 0° C. The problem of 
ascertaining the temperature distribution at 
later instants is complicated because the situ- 
ation is continually variable with respect to 
time. 

The illustration shows how the temperature 
distribution evolves with respect to time. At 
the instant a the temperature is very high at 
the center of the bar, but remains at 0° C over 
the remainder of the bar. In b, c, d, e, and f, 
a progressive temperature decrease occurs. At 
first the temperature falls very rapidly as the 
heat distributes itself in a small space around 
the central point. Then the temperature 
changes gradually from the maximum value to 
smaller values toward the ends of the bar, but 
the fall is now less rapid. At the same time 
there is a lowering of the temperature at the 
center. The heat that causes a temperature 
rise along the whole length of the bar—al- 
though only to a low temperature—is quanti- 
tatively the same in this final stage of the heat- 
ing process as the amount of heat that was 
originally stored in a very small length at the 
center of the bar. 


This is one of the least complex cases of 
heat propagation that varies with respect to 
time. More complex cases cannot always be 
resolved in a rigorous mathematical form; ap- 
proximate solutions must be found. In the case 
of complex forms and complicated variations 
with respect to time, the problem becomes so 
difficult that even the fastest electronic com- 
puters require several days to solve it. 
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CONVECTION CURRENTS | 


Everyone has observed what happens to 
water as it is heated to the boiling point. 
The water rises from the bottom of the 
vessel, where it is closest to the flame, 
and reaches the surface; there, coming 
in contact with the cooler air and form- 
ing vapor, it is cooled and falls back to 
the bottom of the vessel once more. These 
vertical (up-and-down) movements that 
occur in a volume of heating water are 
known as convection currents (convec- 
tion is derived from the Latin convehere, 
“to carry along,” similar to the English 
“convey”). As a matter of fact, the water 
rising in the heated vessel carries the 
heat from the bottom to the top. This is 
an application of Archimedes’ principle, 
according to which a fluid (liquid or 
gas) increases in volume and decreases 
in density as its temperature rises; it, 
therefore, rises above the denser fluids 
that surround it. 

Nature affords many examples of con- 
vection. The relatively higher tempera- 
tures of the ground in the spring and 
summer cause the lower layers of air to 
rise until, at a certain altitude, they be- 
come cool, and the moisture particles 
they contain are condensed. This kind of 
convection current thus accounts for the 
formation of the beautiful cumulus 
clouds that look like tufts of cotton. 
Similarly, convection currents, caused 
by temperature changes in bodies of 
water, result in movements of layers of 
water in many lakes and even in the sea 
at certain points along the shore. 

An impressive natural example of con- 
vection is the transfer of energy within 
the stars, including the sun. The energy 
that eventually is radiated into space 
comes originally from the relatively small 
central core of the star. In order to pass 
from this core, for a distance of more 
than 500,000 mi (the radius of the sun 
is 432,000 mi; that of giant stars more 
than 7,000,000 mi), to the relatively 
“cool” surface of the star, the energy 
must be transferred in various ways. The 
most important of these ways is through 
convection. The surface of the stars—as 
can be observed on the sun—is agitated 
by a continual explosion of gases, which 
are analogous, on a grandiose scale, to 
the bubbles that form on the surface of 
water boiling in a saucepan, 

Technology and the practical applica- 
tions of science also present numerous 


examples of convection. A most obvious 
example is the chimney, the visible exit 
of the heated air produced by convection. 
A central heating system produces con- 
vection currents in order to convey hot 
water through pipes to various floors of 
a building. There are many variations in 
the method of transferring the heat from 
hot water, steam, or electric resistors to 
the space to be heated. Combination 
systems that use steam and hot water 
with hot air are known as split systems. 
Many public buildings are heated by 
hot-blast systems in which steam gener- 
ated in a boiler flows to large banks of 
heat-transfer surfaces over which air is 


CONVECTION CURRENTS IN LIQUIDS—A 
convection current can be produced in water 
by local heating, such as by the immersion of 
a block of heated metal in cold water. First, 
the metal is heated over a flame (illustration 
1a). Then the block is suspended by the wire 
and immersed in the liquid (Illustration 1b). 
At first, the temperature of the block of metal 
will fall rapidly, because of its contact with 
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blown by large fans; the warmed air jj 
supplied to rooms through ducts, 
type of system often is used for air con 
ditioning, the heat-transfer surface þei 
fed cold water in summer and steam 
winter. Even the separation of isoto 
(for example, snium-235 from ura 
nium-238 ) may ccomplished by set 
ting up convection currents in a vertis 
cal column by suitable heating; such an 
application requi ofound knowle: 
of the laws that govern these movements 
and the phenomena they produce, Hows 
ever, it is possible to perform some simple 
experiments to demonstrate the existence 
of convection currents. 


the cold water, but it will take a long time 
before the temperature of the block falls to 
that of the water. Before this occurs the water 
itself will become heated, and will rise from 
the bottom of the beaker toward the surface, 
The rising convection current is visible be- 
cause the refractive power of water diminishes 
as its temperature rises; an Incident ray of 
light will not cross the beaker in a straight 
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A CONVECTION MOTOR—A simple construc- 
tion will demonstrate how continuous circula- 
tion of water can be produced, and how this 
circulation could theoretically be used to sup- 
ply mechanical power to a paddle wheel. Four 
lengths of piping are welded, as shown in this 
photograph, to form a square with an opening 
at the top; the pipes are then filled with water. 
One of the vertical sides is cooled by wrap- 
ping a wet rag around it; at the same time, the 


CONVECTION CURRENTS IN AIR—A similar 
lighting arrangement is useful for observing 
the convection currents of air. However, the 
refractive power of air is much less than that 
of water, and an equally effective demonstra- 
tion of changes in the refractive index re- 
quires a more efficient and more expensive 
optical system, such as the one currently 
used in studying aerodynamic problems. It 
is possible to detect the existence of convec- 
tion currents in a room by cutting a thin sheet 
of paper in a spiral (Illustration 2a) and sup- 
porting it on a pinpoint (Illustration 2b). Even 
rather slow vertical movements of air will 
cause the spiral to rotate rapidly. Two con- 
venient sources of convection currents in a 
room would be a radiator or a light bulb. The 
warm air generally rises at a speed of an inch 
or a few inches per second, depending on the 
temperature of the surface of the radiator or 
the glass of the illuminated bulb and the 
overall room temperature. 


opposite side is heated. The water in the 
heated side will rise and descend on the cooled 
side. This movement is sufficient to rotate a 
light paddle wheel, shown at the top of the 


construction. A central heating system is 
based on somewhat the same system: the 
water is heated in the boiler, rises along the 
pipes, passes through the radiators, rises to 
the top of the building, and then—having lost 
most of its heat—returns to the boiler. 
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CONVECTION CURRENT PRODUCED By | 
COLD SOURCE—If a cold object is imi e 


in water, the cooled water will fall to 
bottom of the container. To illustrate this 
ciple, some water is poured into a coni 
similar to that in Illustration 1, stirred uni 
temperature is uniform, and allowed to 
until it is perfectly still. Then a small pieci 

ice is held by a pair of tongs just below th 
surface. As the top layer of water is co 

a flow will occur downward and there will a 
pear descending from the ice what looks | 
threads of water, caused by the greater 
fractive power of the cooled particles of wi | 
If it is assumed that the temperature of the | 
water in the container is 20°C (68°F) andil 
that of the water in direct contact with 

ice is 2° C (35.6° F), the density of the co 
water is approximately 0.2 percent gri 
than that of the surrounding water. In othe 
words, a cubic centimeter of water at 
weighs as much as 2 mg more than a Cu 
centimeter of water at 20° C; therefore, it will 
fall to the bottom of the container. 


DRAFT—Flames are also examples of convet 
tion currents; they are composed of gas 
much hotter than air, which therefore | 
above the surrounding air. Because the gi 6 
are luminous, they can clearly be see! | 
they rise within the flame; they do not sto 
rising when they reach the point of the fl 

but merely become colorless and less vi 
unless the flame is smoky (such as the fi 

of a candle), in which they appear as a SMOk 
trail rising from the tip of the flame. In O 

to keep the flame in combustion, considerati 
air is required; in furnaces and burners 
sometimes necessary to produce this flow 
air by using a pump. This represents an @ 
penditure of energy that may be suppli! 
some cases, by exploiting the energy of the 
gases themselves. If a flame is made to bul 

the base of a vertical tube, for example, its 
gases will mix with the air within the tube 
cause it to rise, thus drawing a supply © 
toward the base of the tube that will feed th 
flame. The photograph shows a glass tube 

a diameter of about 25 mm (about 1 in.) 
above the flame of a candle; the flame P 

ing at the end of the tube heats the air 
tained in it and makes it lighter. The upth! 
provided by the air at room temperature 

the lighter air upward. It is possible to ca 
late the acceleration of this upward move! 

If the flame heats the tube to a tempera 

of about 300°C (572° F), inasmuch as 
density of air diminishes in inverse propo! ut 
to the absolute temperature, the density o! 

air inside the tube will be about half that 
normal air—for 300° C is a temperature 

C above absolute zero. The temperature © 

air is, therefore, approximately doubled; 

the density is halved. Each cubic centim 

of air inside the tube will be subject t0 4 
upthrust equal to about half its weight 
consequently, will be accelerated vertical mu 
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HUNDRED iV TIMES—In Illustration 1a, 
the small sp present atoms distributed 
in a metalli The atoms are arranged 
in a lattice quare mesh; they can be 
considered practically in fixed posi- 
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T EXPANSION 


When the temperature of a solid body 
is raised as little as one degree, its length 
increases about a hundred-thousandth 
part of its original value. This may seem 
negligible, yet it must be taken into ac- 
count in building and machinery con- 
struction. 

Railroads, bridges, buildings, water 
pipes, engines—all must be designed 
and constructed in such a way that their 


tions, Illustration 1b shows the same metal 
after it has been brought to a much higher 
temperature (several hundred degrees). The 
atoms are still at the nodes of the square- 
mesh lattice, but they now vibrate very strongly 
around their equilibrium position. This vibra- 


a vital factor in architecture 
and engineering 


various parts will be permitted to ex- 
pand when subjected to temperature 
increases and to contract when they are 
subjected to drops in temperature. The 
task here is twofold: (1) to study the 
property of solid bodies whereby they 
change their dimensions as temperature 
varies; and (2) to relate this phenom- 
enon to the crystalline structure of the 


bodies. 


tion is practically negligible at a low tempera- 
ture, but at high temperatures it becomes 
much more pronounced and the distance be- 
tween the atoms increases. The metallic body 
thus becomes larger. 


LINEAR EXPANSION AND VOLUME EXPAN- 
SION—A body undergoes a variation in vol- 
ume every time its temperature is raised: the 
cube of brass shown here first occupies a cer- 
tain volume a, but after It has been heated, It 
occupies a greater volume b. This phenom- 
enon is called thermal expansion. When a 
small section of a bar is subjected to an in- 
crease of temperature, the volume of the bar 
increases; how much it elongates becomes a 
problem in linear expansion. When volume 
variations are involved, the problem becomes 
one of volume expansion. The elongation is 
here defined as the difference /’—/ in the 
length of the bar before / and after I it Is 
heated. How will the elongation of the bar 
vary in terms of the temperature variation and 
the original length of the bar? The elongation 
will be great if a very long bar is heated by 
one degree, but it will be small if the tem- 
perature of a short bar is raised by the same 
amount. Thus, the elongation is directly pro- 
portional to the original length of the bar. 
Moreover, the more the bar is heated, the 
greater will be the elongation. 

The expansion /’—/ of a body when its 
temperature is raised one degree, divided by 
the original length / of the body, Is the coeffi- 
cient of thermal expansion. For example, the 
coefficient of thermal expansion of iron is ap- 
proximately 0,00001. This means a piece of 
iron will elongate by a hundred-thousandth 
part of its length every time its temperature 
is increased by one degree. 
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RAILS NEED EXPANSION JOINTS—if an iron 
bar (original length / = 20 cm) is heated by 
11 C°, its length will increase until it reaches 
a value /’ = 20.00242 cm. It, therefore, ex- 
pands by 

!'—1_ 20.00242 — 20 0.00242 

+= 20 =— z9 = 9.000121 


of its length every 11 C°. The expansion for 
one degree will be 


0.000121 
T 


in other words, the coefficient of expansion is 


= 0.000011; 


eleven millionths of a centimeter per centime- 
ter per degree. The rails therefore must be 
joined in such a way that a small space is left 
between them; this permits the expansion 
caused by the increase in temperature during 
a hot summer. A rail 20 m long whose temper- 
ature is raised by 40° (the temperature varia- 
tion that rails undergo between winter and 
summer) elongates in the following way: when 
the temperature rises one degree, the elonga- 
tion amounts to 0.00001 of 20 m; that is, 0.2 
mm. When the temperature rises 40°, the 


elongation will be 40 times as great; that is, 
8 mm. 


BRIDGE EXPANSION—T! 
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graphite 
tungsten 
diamond (1.18) 


pier’ nickel (0.9) 

fused quartz (0.42) 
| EXPANSION—This illustra- 
iuch various substances ex- 


pand when t erature is rasied one de- 
gree. For exa elluloid, one of the solid 
substances t and most, elongates by 
110 millionth s length for every increase 
of one degr ) its temperature. In other 
words, when a Ə of celluloid 10 cm long is 
heated so that emperature increases only 
one degree, it will increase by 110 millionths 


(about 0.0001) o length, or 0.01 mm. 

Some substances, like phosphorus and par- 
ra expand more than celluloid, but most of 
hem expand much less. The substance that 
expands least of all is fused quartz. If a crystal 
or quartz is fused and then cooled very rap- 
dly, the liquid will set and become hard with- 
put crystallizing: the result is silica glass or 
a az This noncrystalline quartz, the 
pis led amorphous quartz (because its atoms 
i arranged at random), has the smallest 
nown coefficient of expansion. 
eae of fused quartz 10 cm long will 
ee non by about 0.00005 mm. This is about 
Sonne less than the piece of celluloid 
ate pled above. The limited expansion capa- 
aries fused quartz is exploited in the con- 
rs on of instruments that call for parts 

mena by temperature variations. 
Tike amond is another substance that does 
sil Kaana much. Actually, it expands only 

ghtly more than twice as much as fused 
quartz, 
anon expands about as much as steel. 
Since e metals, tungsten has one of the 
lest coefficients of thermal expansion. 


DIFFERENT RATES OF EXPANSION—Two thin 
sheets of metal have been welded against one 
another. Since the metals are not similar, they 
expand differently when heated. One expands 
more than the other. The one that expands 
more will tend to elongate the bar as the tem- 
perature rises; the one that expands less will 


oppose the elongation. An increase in temper- 
ature will cause the bar to bend: the metal 
that has elongated more will come to lie on 
the longer, outer circumferential arc, while 
the metal that has elongated less will come to 
lie on the shorter, Inside face of the arc. Such 
laminated pairs are usually called bimetals, 


TEMPERATURE MEASUREMENT—|t a strip of 
bimetal is bent to form a spiral, the expansion 
of the strip will cause the spiral to curl and 
uncurl according to the temperature. This 
action can be used to Indicate the temper- 
ature. 


THERMAL EXPANSION | 


Matter consists of atoms and molecules 
that are not motionless, but are rather 
in a state of continuous agitation, mov- 
ing freely at a certain distance from one 
another. If this agitation is increased, as 
it is when temperature increases, the 
space between them also increases (with 
rare exceptions), and the dimensions of 
the body consisting of these atoms and 
molecules also increase. In other words, 
almost all bodies expand and increase in 
volume as their temperature rises; this 


characteristic is known as thermal ex- 
pansion. 

The amount of increase depends on 
various factors. Gases expand most of 
all, liquids somewhat less, and solids 
least. 

A number of experiments make it 
possible to ascertain the quantitative 
variation in the dimensions of bodies 
subjected to heating or cooling. In some 
cases, this variation is difficult to ob- 
serve; for example, if the temperature 


the relationship of volume 
and temperature 


of a steel rod 10 cm (about 4 in.) 
is increased by 10 C° (about 18 F°) i 


E 


length will increase by no more th 


delicate and expensive instruments. 
is possible, however, to construct ¢ 


ple and suitable for disclosing minut 
variations in the dimensions of 
bodies resulting from changes in 
temperatures. 


THE EXPANSION OF STEEL—This experi 
does not disclose the precise coefficient o 


steel expands, and it also provides an approx 
imation of the coefficient of expansion. Th 
equipment includes: a wooden board aboll 


0.3 mm (about 0.012 in.); a small pulley whe 

a weight of about 1 kg (2 Ib); and a storag 

battery. The wire is fixed to the peg on thé 
left side of the board and stretched to thé 
pulley wheel that is attached to the right-hal 4 
peg and equipped with a movable pointer, The) 
wire is wound twice around the wheel; the 


held there as the wire is held taut by U 
weight at its end (Illustration 1a). The wire 
heated by connecting its ends to the batteri 
and passing a strong current through ‘the 


wire. This current should be regulated by A 
resistance unit in the circuit. When the wire 
becomes red-hot (Illustration 1b), its tempera | 
ture will be about 500° C (932° F); the wire 


will have expanded and the weight will have | 
pulled it taut so that the pointer on the pulley 
Wheel will have moved from a horizontal pos 
tion to an angle. The hotter the wire, the mori 
it expands, and the greater the angle of the 
pointer. 

A wire 1 m (about 39 in.) in length, heated 
to about 500° C (932° F), will expand abouli 
5 mm (about 0.2 in.), an appreciable leng! Mg 
Even if the wire is only heated to about 100° 
(212° F), it will expand enough to move ti 
pointer. 


2 
THE EXPANSION OF GLASS—The coefficient 
of expansion of glass cannot be measured by 
heating glass electrically, because glass does 
not conduct electricity. Glass can be heated 
by contact with a hot body; however, another 
interesting experiment will demonstrate the 
difference between the expansion coefficients 
of two different types of glass. This is not as 
difficult as it might seem, even though the 
coefficients are very similar (unless glass of 
very special composition is used); nor is it 
necessary to find the difference by extremely 
accurate measurements of each coefficient. All 
that is required are rods of two types of glass 
(Illustration 2a), a burner, and tongs. Each of 
the rods should be drawn by heating over the 
flame to a diameter of 1 mm (about 0.04 in.), 
and broken into lengths of about 3 cm (about 
1.2 in.). After the rods have cooled, they are 
picked up with the tongs and held in close 
contact with one another over the flame (Illus- 
tration 2b); they will soon soften and join, but 
without mixing. As soon as they have joined, 
they should be drawn still further until their 
joined diameter is reduced to about 0.1 mm 
(about 0.004 in.), then left to cool. As soon 
as the temperature falls, the glass fiber will 
begin to curve (Illustration 2c), because the 
fiber is composed of glass with two different 
coefficients of expansion. Once the glass has 
hardened, the two types of glass will have 
contracted by different amounts—that is, the 
glass with the greater coefficient of expansion 
will have become shorter than the other, and 
the fiber will have become concave on the 
side formed by this glass. This method is used 
to ascertain whether two types of glass can be 
joined. If the two coefficients of expansion dif- 
fer too greatly, it is still possible to join them; 
when they have cooled, however, the contrac- 
tion will cause the joined section to fracture. 


THE EXPANSION OF LIQUIDS—The molecules 
of liquids are not quite so cohesive as those of 
solids, and they are not held in rigid positions 
in relation to one another as are those of 
solids; therefore, when temperature is in- 
creased and these molecules are more agi- 
tated, they readily move farther apart. This 
results in a greater capacity to expand under 
heat than the molecules of solids. The ex- 
pansion of a liquid is, therefore, more easily 
observed than that of a solid. 

To make such an observation, the experi- 
menter needs two capillary tubes with bulbs 
at the end, similar to those of a thermometer, 
and a beaker of water. The two tubes are 
placed in the beaker and each tube receives 
enough of a different liquid to reach the same 
level in the capillary section just above the 
bulb, as shown in Illustration 3a. The two 
liquids are pure alcohol and pure water, which 
have different coefficients of expansion. (These 
coefficients are not linear, as in the case of 
the solids previously mentioned, but coeffi- 
cients of volume expansion—the change in the 
volume of a specific unit for 1 C° change in 
temperature.) The known coefficient for alco- 
hol is 0.112; that for pure water is only 0.0207. 
By increasing the temperature of the water in 
the beaker that holds the two partly filled 
tubes, it is easily observed that the alcohol in 
the tube on the left will rise in the capillary to 
a higher level than the water in the tube on 
the right (Illustration 3b). 
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MEASURING EXPANSION WITH AN INTE 
FEROMETER—Expansions that are extrem 
small can be measured by one of the 
delicate instruments used in optics, the | 
ferometer—so-called because it produces 
interference pattern of rings of light cau 
by the superposition of light waves of vai 
length. 

If two perfectly clean pieces of glass, ong 
flat and the other slightly convex, are pla 
together, as in Illustration 4b, a large num 
of concentric rings will form at the point oil 
contact, These so-called Newton's rings 
iridescent when they are illuminated by wi 
light, but black and white when illuminated 
the yellow light emitted by a sodium vapi 
lamp. If the convex piece, or lens, is ri 
very slightly, the rings will become narro 
and will eventually disappear in the center 
the point of contact. The greater the radius 
curvature of the lens surface in contact 
the glass plate, the more visible will be 
Newton's rings. As the two surfaces are $ 
arated, the number of rings that disappeai 
provide a measurement of the displacemenl) 
each ring that disappears represents a di 
placement through half the wavelength of fh 
light being used. If this is white light, € 
ring represents a distance of about 0.275 ji 
(0.000275 mm); if it is the light of a si 
vapor lamp, the distance will be about 0.2 
ym (0.000295 mm). The following experi 
is designed to obtain the precise coefficlél 
of expansion of paraffin, which is known 
be quite large. A small paraffin candle Is pf 
pared and fixed upright in a glass tank ofi 
depth slightly greater than the length of ii 
candle. (The candle can be fixed to the gla 
by heating the base of the candle.) On th 
upper end of the candle is set the smalleroij 
the two pieces of glass, and on top of this 
set the second piece of glass so that It res 
on the side of the tank, as shown in Must 
tion 4a. Water is placed in the tank, and 
covered with a thin film of oil. The tempe 
ture of the water is raised slowly in ort 
raise the temperature of the candle and | 
crease its length until the two pieces of giii 
come into contact—which will become #) 
parent when the Newton's rings first becom | 
visible. At that moment the experiment begit 
colder water is poured into the tank in Off) 
to shorten the candle; even a slight deci A 
in the water temperature will result in a mi 
surable amount of shortening. At room Be 
perature, a change of 1 C° will cause M 
length of the candle to change 0.001 
length; therefore, if enough water is add $ 
drop the temperature by 1 C°, a candle 10 i 
(about 4 in.) long will be shortened by 0-1 
(about 0.004 in.). The variations in the lend 
of the candle can be observed by the me 
ments of the rings of the interferometer, ‘0 
if they are of the order of as little as 1/ th 
C°—a change that can be obtained by 
addition of just a few drops of water. 


THE RADIATION 


OF HEAT | 


Heat can be erred from one body 
to another ir ral ways. When it is 
transferred nduction, the added 
agitation of | lecules that produces 
the phenon f heat passes from 


tle by direct contact; 
st leave their position 


molecule to 
the molecul: 


thermal energy passing 
through space 


added agitation of the molecules causes 
them to abandon their original positions 
and move away from one another—to ex- 
pand; the entire body moves in space, 
carrying the heat with it. When heat is 
transferred by radiation, however, no 
movement of the agitated molecules or 
of the body is involved; radiant heat can 
pass through a vacuum and also through 
objects that are transparent to visible 
light. Radiant heat is composed of elec- 
tromagnetic waves, similar to those of 


light and moving with the speed of light; 
its waves, however, are longer than light 
waves. 

All bodies radiate heat energy, no mat- 
ter how cold they may seem; but the 
more agitated the molecules of a body, 
the more heat waves are radiated, ac- 
cording to a proportion that can be mea- 
sured. Similarly, all bodies absorb heat 
energy, but at different rates. Simple 
experiments illustrate the more impor- 
tant characteristics of radiant heat. 


in the body iss the energy within 
the body. T! n of heat transfer is, 
therefore, aj ate to solids. When 
heat is trans! by convection, a form 
of transfer teristic of fluids, the 
TWO-WAY RAI !ON—Radiation consists 


of energy, in the form 
waves, between material 


of the transmi 
of electromag 


bodies. When ənergy is transmitted by 
electromagnet! ves, the radiation takes 
place between »odies, but the radiation 
from a cold be vard a hot body is slower 


than that of a 
Consequently, | 
energy betwe« 


ody toward a cold body. 
effect of an exchange of 
two bodies is an excess 


of radiation |: jirection of the hot body 
from the cold ind in practice it appears 
that this is th direction. In other words, 
radiant heat to travel only from a hot 
to a cold boy 

The yellow jle in Illustration 1a rep- 
resents a hc the gray diagram a cold 
body; in the velween them are arrows 


representing 
strong emiss 
cold body | 


la 


tromagnetic waves. The 
1 the hot body toward the 
ited by long arrows; the 


weak emission in the opposite direction is 
indicated by short arrows. It must be empha- 
sized that these arrows represent the heat 
of radiation only, not that of convection or 
conduction. (The different modes of transfer- 
ence are subject to different laws.) 

The experiment that will illustrate these 
principles (Illustration 1b) requires a sheet 
of glass or, even better, transparent plastic, 
no more than 1 mm (0.039 in.) thick, mounted 
in a small wooden frame about 20 cm x 30 
cm (about 8 in. by 12 in.) in size, and an elec- 
tric iron. The frame is placed vertically in the 
center of a table. When the iron is heated, 
the glass or plastic acts as a barrier to heat 
by convection. Nevertheless, if a hand is 
placed so that the glass or plastic is between 
it and the iron, considerable heat will still be 
felt—as much as 150° C (302° F). Inasmuch as 
no heat could have been carried by convection 
and, obviously, none could be carried by con- 


duction (the hand was not in contact with the 
iron), it must have been transmitted by radia- 
tion. 

The same effect will be obtained, in reverse, 
by a similar arrangement (Illustration 1c), in 
which the heated electric iron, a body hotter 
than the hand, is replaced by a block of ice, 
a body colder than the hand. (Two trays of 
ice may be used in place of the block ice, if 
necessary.) Both the ice and the hand must 
be placed closer to the frame than in the 
previous experiment. The hand will become 
much colder on the side held toward the ice 
than on the other side, even though the 
amount of radiation—in this case from the 
hand toward the ice—is only of the order of 
30° C (86° F), far less than that of the previous 
experiment. The transmission of heat from 
hand to ice, however, which is felt as a sensa- 
tion of cold, is nevertheless an example of heat 
radiation. 


le 
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THERMAL EQUILIBRIUM—lilustrations 3a and 
3b each show two bodies, one hot and the 
other cold. In Illustration 3a, the bodies are 
shown without much space between them. 
The body on the left is assumed to be quite 
large and very hot—say, 1,500°C (2,732° F); 
the body on the right is assumed to be a thin 
layer of cold conducting material placed in 
contact with an object of high insulating ca- 
Pacity. As soon as the two bodies are brought 
close together, the body on the left will radi- 
ate heat toward the body on the right, raising 
its temperature. (This increase in heat in the 
body on the right cannot be the result of con- 
duction, because the body is backed up by 
insulating material.) if the two bodies were 
left near each other for @ considerable period 
of time, the continued radiation would cause 
the body on the right to gain heat at the ex- 
pense of the body on the left. Eventually, the 
two bodies would have the same temperature, 
thus producing a thermal equilibrium that 
could easily be detected by a thermometer. 

In Illustration 3b, the same two bodies are 
shown farther apart, It is assumed that the 
radiation of heat from left to right occurs at 
the same rate; but because of the space be- 
tween the bodies, the body on the right would 
receive less radiation than in the first case. 
Moreover, it can give up to the intervening 
space part of the heat it receives, and its 


RADIATION BALANCES CONVECTION—In 
the environment in which man lives, he must 
be sure that he is supplied with heat, both by 
convection and by radiation, from walls that 
have the same temperature as the air. A room 
with a high air temperature may seem warm; 
yet, if the walls are cold, the body will radiate 
heat toward them and will become too cool. 
That is why it is possible to catch cold be- 
cause of poor heating arrangements. If a win- 
dow is opened on a cold day and then closed 
after the air in the room has become cool, the 


walls may still be w 
the body's thermal 

hand, in a room wit! 
church or a warehou 
a similar imbalance 
warm air has begun 

the internal heating 

in operation. The illu 
apparatus used to v 
industrial area; it may 
but leave the walls 

were initially. 


\; this will unbalane 
ulation. On the 
old walls—such 
t the end of wint 
y develop once 


temperature will not reach a level as high a 
in the previous case. 

The iene phenomenon can be tue 
in another way, by exposing an oa 3 
thermometer, capable of recording hig! ul 
peratures, to the sun's rays. First na k 
be exposed with an opaque screen p 
the rays and the bulb, and this temp 
which is the temperature of the surrol + 
air, should be recorded. Then the aid 
should be removed and the rays one 
allowed to hit the bulb directly; this wil adil 
the temperature to rise. Next, a large 
fying glass should be placed between will 
and the bulb in such a position that Be 
concentrate the rays on the bulb, aa ia ‘6 
the photograph. The glass can be hel dull 
close to the bulb at first, then i "A 
moved away until the bulb is at they on th 
the lens. As the rays are concentrate! to i 
bulb, the temperature will contin ae 
(Care must be taken lest the then é 
break because of the intensity of til fne di 

Illustration 3d is a graph showing and th 
ference in temperature of the bul ae 
Surrounding air, plotted against the rie 4 
diameter of the out-of-focus image O! a 
If the experiment is continued, it is n meitin 
to use metals, which have a higher 
point than glass. 
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MORE RADIATION—An 
n be carried out by 
nperature registered by 
e previous experiment 
blackening the bulb 
paque black paint, for 
ature of the clear bulb 
=), that of the blackened 
(131° F). The black- 
ises the absorptive ca- 
also increases its emis- 
n be demonstrated by 
of the iron in the ex- 
1, and then repeating 
and will warm up even 
e, because the iron 
teristics of a typical 


ity of radiation emitted 
and the spectral com- 


law, the amount of 
ı proportion to the ab- 
ed to the fourth power. 
two different tempera- 
2,327° C (1,880.6° F and 
he law. First, these tem- 
verted to their equiva- 
ute) scale; when that 
temperature is exactly 
st. Now, 2 to the fourth 
rerefore, the amount of 
°C is 16 times the 
Gs 
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trum of the radiation to favor the blue and 
violet colors. In practice, radiation emitted 
by bodies at temperatures only slightly above 
550° C (1,022° F) is predominantly red (at the 
long end of the spectrum, farthest from violet), 
and becomes progressively yellow, white, and 
bluish-white as the temperature increases. 

It can be demonstrated that a hot body 
emits heat energy very rapidly at high tem- 
peratures and more slowly at lower tempera- 
tures; a body will tend to cool very rapidly at 
first, then more slowly. The rate of cooling 
of a body that loses its energy predominantly 
through radiation can be measured by the 
cooling rate of an electric light bulb filament, 
as shown in the photographs of an experi- 
ment carried out with a motion picture camera 
(preferably an 8-mm camera, which is easily 
focused for short distances). The camera is 


aimed at the bulb of a slide projector. The 
lens of the projector at first shows a light so 
dazzling that the pictures will be superposed 
and will not show anything. As the film is 
rolled, the projector light is turned off; suc- 
cessive frames of the film are shown, proving 
the progressive diminution of the light emitted 
by the filament, which, lacking electrical en- 
ergy, will gradually cool, losing its energy by 
radiation. It can be seen that the filame 
reddens very rapidly when the electricity is 
turned off. The intensity of the radiation falls 
off very rapidly at first, when the filament is 
still hot, having fallen from the 2,350°C 
(4,262° F) of the fully lighted bulb to about 
2,000° C (3,632° F). As the radiation is reduced, 
the temperature falls more slowly. The red 
color covers more of the length of film than 
any other color. 
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THERMODYNAMIC 


MAGNITUDES 


Matter seems, on the basis of observation 
made during many experiments, to be 
continuous; but it is actually composed 
of many separate particles—molecules 
and atoms and elementary particles. The 
properties of matter depend, in the last 
analysis, on the properties of these parti- 
cles, a knowledge of which could theo- 
retically make it possible to calculate the 
properties of matter in its macroscopic 
(that is, tangible or visible) aspects. It 
is not always possible, however, to know 
all the properties of the component parti- 
cles, and it is often more convenient to 
deduce these properties from a study of 
macroscopic matter. The existence of the 
molecules of a gas, for example, can be 
demonstrated by studying the properties 
of the gas in phenomena that can be ob- 
served when the gas is liquefied, 

The microscopic properties of matter— 
that is, the properties of the component 
atoms and molecules—can be observed 
more readily when a substance is in its 
gaseous phase, because in this phase (or 
state) its molecules are very widely sepa- 
rated and interact so infrequently that 
they can be considered, for practical or 
experimental purposes, entirely free. 
When a substance is in its solid or liquid 
phase, on the other hand, its atoms and 
molecules are so close together that they 
exert mutual forces that modify their 
structures and modify the real nature of 
the phenomena. 

Even though the gases are particularly 
interesting to study, it must be remem- 
bered that despite their relative lack of 
density, the smallest volume of gas con- 
tains a vast number of atoms—and it is 
not possible to follow the movement of 
each atom. For that reason, even a gas 
is most conveniently studied macroscopi- 
cally when the purpose is to discover the 
nature of energy exchange processes be- 
tween a gas and its environment, or the 
behavior of a gas when it is cooled or 
heated. 

Such problems are of very great inter- 

est as regards the entire technology of 
chemical systems in which gaseous re- 
actions occur; they lie at the basis of the 
operating principles of all heat engines— 
systems that transform heat into mechani- 
cal energy. The branch of science that is 
concerned with the relationships between 
heat and work (applied energy) is called 
thermodynamics. 


relationships between 
heat and work 


SYSTEMS, STATES, AND ENERGY 


Quantitative magnitudes are of great im- 
portance in thermodynamics—for exam- 
ple, the heat energy associated with a 
substance at a certain temperature, and 
its relationship to the mass of that sub- 
stance. It is also essential to define care- 
fully the physical “boundaries” of the 
substance whose magnitudes are under 
discussion, which is usually referred to as 
a “system.” 

A system may comprise the liquid con- 
tained in a calorimeter, or the gas con- 
tained in a cylinder, or it may comprise 
the gas together with the cylinder that 
contains it, or even an area of space 
within which variable quantities of other 
substances can be introduced or with- 
drawn. In order to define such a system, 
it is necessary to assume that it has cer- 
tain “boundaries” and can be isolated or 
controlled. 

An isolated system is one that can be 
so constituted as to have no exchange of 
energy with its environment. It is impos- 
sible to establish an isolated system in 
practice, but a sufficiently close approxi- 
mation can be established to facilitate 
the study of thermodynamics; the study 
of such systems can lead to conclusions 
applicable to actual systems. 

In thermodynamics, it is not enough 
to define the boundaries and components 
of a system; it is also necessary to ascer- 
tain the magnitudes of certain variables 
of the system. Among these variables, 
the most important are mass, energy con- 
tent, temperature, pressure, and volume. 
The values of these variables at any one 
time describe the thermodynamic state 
of the system at that time. It must be 
noted that not all the variables are inde- 
pendent of each other, and therefore, 
they cannot be arbitrarily established, 
One gram of pure hydrogen, for example, 
at room temperature and at a pressure of 
one atmosphere, must necessarily occupy 
a specific volume of about 12 liters (12,- 
000 cm*), and cannot be made to occupy 
1 cm? without a change in temperature 
and pressure, 

One of the variables that serve to de- 
scribe a system is energy, which itself 
exists in many forms: kinetic, potential, 
mechanical, electrical, nuclear, surface, 
radiant, and so forth. Inasmuch as the 
variations of energy are important in the 
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THE STATE OF A GAS—A three-dimenson® 
drawing may be used to represen the 
of a system if that system is a gas. d 
Through experiment, it can be demonstra 
that the relationship between the pressur Msoi 
the volume of a given mass of gas bats al 
its temperature. At a constant temperatu a wil 
with a varying pressure, a certain our Ns 
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constant value for one gram-molecule rical 
of any substance, and designated alge! ny 0 
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THE VAN DER WAALS EQUATION—The Dutch 
physicist Johannes Diderik van der Waals 
worked out in 1877 a modification of the earlier 
equations, so that they would apply to real 


changes of state of a em, they must 
be measured. The variations of surface 
energy can be ignored, for example, if 
they are not relevant in comparison to 
other energy variations; but if the latter 
are quantitatively comparable to the 
variations of the surface energy, these 
variations must be taken into account— 
and this requires the measurement of all 
the variations 

It should be noted that neither heat 
nor work was listed among the various 
forms of energy that must be considered 
in describing a thermodynamic system. 
The reason for this is that heat and work 
are only ways in which a system ex- 
changes energy, not types of energy that 
are exchanged. A system cannot be said 
to possess a certain magnitude (or quan- 
tity) of heat or work; but it can be said 
to possess a magnitude (or quantity) of 
energy, which it exchanges with its en- 
vironment in the form of either heat or 
work or both 


EQUILIBRIUM IN 
THERMODYNAMICS 


In order for a thermodynamic system to 
be in equilibrium, there must be a two- 
fold equilibrium; among all the internal 


pressure 


gases instead of to ideal gases. This is a 
stereogram of the so-called Van der Waals 
equation, and also a graph made by cutting the 
stereogram along planes parallel to the plane 


forces of the system (those forces exerted 
between its component parts, but that are 
isolated from the environment); and in 
the forces that cause interaction between 
the system and its environment. This 
equilibrium must, moreover, involve the 
system as a whole; if its components, 
for example, include two gases capable 
of diffusing into each other, the system 
is not in equilibrium until this diffusion 
has taken place. Similarly, the various 
parts of the system cannot be at different 
temperatures; there is no equilibrium 
until the temperature of the system and 
all its components has stabilized, and this 
temperature must also be the same as 
that of the environment. Temperature 
differences within the system usually dis- 
appear after a certain period of time; 
but the environment is not always con- 
trollable, and if the external temperature 
varies in the course of time, no equilib- 
rium in respect to temperature may be 
attained for the system in that environ- 
ment of instability. 

In real systems, chemical factors may 
also affect the equilibrium. If a system 
contains hydrogen and oxygen at a tem- 
Perature of 573° C (about 1,063° F), for 
example, it will only have attained equi- 
librium when the two elements have 
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two sketches are analog 
trations 1¢ and 1d. 
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combined to form v 
excess remaining aft 
sists as a gas. Chen 
the most difficult to 
because it sometimes 
time; for example, ox 
do not combine at o 
peratures and begin 
gradually at 300° C ( 
acting explosively at 5 
once they have combin 
a very stable part of th 
To sum up: Thermo 
rium means that the s 
sideration is in mechanical, thermal, a | 
chemical equilibrium. In most such syif 
tems variations in pressure and volumit 
are also important; if a gas is @ come 
ponent, very slight variations can have) 
a very pronounced effect. Temperatutg 
variations are also most important. l 
In order to represent graphically the 
states of a system in equilibrium, three 
dimensional drawings are used, oF else 
a two-dimensional section of such a and 
ing. It must be remembered that gase® 
practice do not always behave 
should in theory, and this sor | 
complicates calculations; but the thee 
retical calculations provide a frame 
reference for real situations. 
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At the beginr 
tury, classical 
a high degre: 
in its applica! 
tists could y 
tions of a pla 


the nineteenth cen- 
hanics had reached 
erfection, especially 
o astronomy. Scien- 
accurately the mo- 
1 even the existence 


of unknown ts because of their 
gravitational tion toward known 
planets. 


period in the history 
wus hypotheses were 
g the nature of heat, 
he relationships be- 
tween heat ork. Heat was then 
considered ¢ d of “caloric fluid,” 
rather than a of energy that can be 
transferred | n bodies, Although 
a series of fa experiments early in 
the nineteen! ury demolished these 
erroneous co: part of the present 


Yet at this 
of science, er 
accepted conc 
its transfer, 


terminology ome of the units of 
measuremen e field of thermody- 
namics cont reflect the influence 
of the discr hypotheses. 

Soon after oneer French chemist 
Antoine La had shown the neces- 
sity of est g quantitative laws, 
and had thy he basis for the prin- 
ciple of the vrvation of mass (and 
therefore of cnergy), which governs 
chemical rei is, Benjamin Thompson 
(Count Rumford), an English physicist, 
broke important ground in 1798 by re- 


jecting the caloric theory of heat. He 
asserted that heat is a form of motion— 
4 conclusion he reached by observing, 
during the boring of a cannon barrel, the 
relationship between the work done and 
the heat produced. In 1799 Sir Humphry 
Davy, an English chemist, came to the 
same conclusion when he noticed that 
two pieces of ice melted much more 
quickly when they were rubbed against 
each other than when left to melt alone. 
The basic work, however, resulted from 
the systematic experimentation with var- 
ious forms of energy (electrical, chemi- 
ical, mechanical, and thermal) by the 
English physicist James Prescott Joule. 
He sought to e: blish, by means of ac- 
curate measurements, that an equiva- 
lence existed between all these forms of 
energy—and his results, based on an ex- 
Periment conducted in 1843, appeared 


FIRST LAW OF 
MODY NAMICS 


in a paper “On the Mechanical Equiva- 
lent of Heat” published in 1850. He was 
the first to discover a numerical coeffi- 
cient that makes it possible to express, 
in the same units of measurement, two 
quantities that—although connected and 
1 


the principle of the 
conservation of energy 


interdependent—are physically differ- 
ent: mechanical work and thermal en- 
ergy. This coefficient is defined as the 
mechanical equivalent of the calorie 
(the unit of heat required to raise the 
temperature of 1 gram of water 1 C°), 


THE FIRST LAW OF THERMODYNAMICS—||- 
lustration 1a shows a mass of gas enclosed 
in a cylinder fitted with a piston, comprising a 
closed system in equilibrium with its environ- 
ment, the atmosphere. If there were no atmo- 
spheric pressure, the gas would expand within 
the cylinder and push the piston upward. 

In Illustration 1b, the energy E of the system 
is plotted against time t, on the assumption 
that no change takes place and that the en- 
ergy will remain constant, E). 

Illustration 1c represents a change occur- 
ring at a certain instant of time; a hot body 
is placed in contact with the walls of the 
cylinder and a quantity of heat is transmitted 
through the walls to the gas, which expands, 
because its pressure now exceeds that of 


a 


u 


the atmosphere (tħe pressure of a gas in- 
creases with the temperature when the volume 
is constant), The piston is thus raised a cer- 
tain distance and it has performed a certain 
quantity of work. 

In Illustration 1d, the red line Q represents 
the quantity of heat, and the green line W 
represents the quantity of work (which can be 
measured in any of several units—thermal 
units, such as the calorie or British thermal 
unit, or mechanical units, such as the erg or 
Joule), The variation or difference in energy 
between the beginning and the end of the 
process, E, and &,, is equal to the difference 
between Q and W (as measured from the 
base line). 
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and its inverse is called the thermal 
equivalent of work. The fundamental 
contribution of Joule, however, was not 
merely the establishment of a relation- 
ship between these two units of measure- 
ment, but the experimental proof that 
these two forms of energy—thermal and 
mechanical—are equivalent. He thus 
presented the experimental basis for the 
formulation of the principle of conser- 
vation of energy, which is also the first 
law of thermodynamics. 

Other scientists also made contribu- 
tions to the problem. A French scientist, 
Mare Séguin, attempted to estimate the 
mechanical equivalent of heat in 1839. 
A German ‘physicist, Julius Robert 
Mayer, formulated a theory of the con- 
servation of energy in 1842. Perhaps the 
most thorough exposition of the theory 
was made by the German physiologist 
and physicist, Hermann von Helmholtz, 
in 1847. It was Joule, however, who most 
clearly proved that when heat and work 
are measured in the same units, the same 
quantity of either added to a given iso- 
lated system increases its energy by the 
same amount. To put it in another way, 


H. Hemholtz 


when such a system loses energy partly 
in the form of heat and partly in the 
form of mechanical work, that system 
loses as much energy as if the entire loss 
took the form of heat alone or of work 
alone. This phenomenon leads to a state- 
ment of the first law of thermodynamics: 
Energy can be exchanged in the form of 
heat or of mechanical work, but its total 
quantity remains constant, because en- 
ergy can neither be created nor. de- 
stroyed, 

This law can also be expressed alge- 
braically. If Q represents the quantity 
of heat that a controlled system is al- 
lowed to absorb from outside, and W is 
the quantity of work performed within 
the system and allowed to leave it, the 
difference between these two quantities 
will be equal to the change in the energy 
possessed by the system itself, repre- 
sented by E, (the energy possessed at 
the beginning of the process) and E, 
(the energy possessed at the end of the 
process): E2,—-E,=Q—W. To sum 
up: the difference in energy between 
the two states of a system that has under- 
gone a transformation is equal to the 


difference between t iantity of heat 
absorbed from outs 1e system and 
the mechanical work formed by the” 
system on its envir at, This prind 
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pressure, and heat, for example 
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say, by increasing pressure and decret 
ing volume, all the while maintaining H 
constant sum of energy. It is also om 
ceivable that such a system may underg? 
a second transformation that will retu 
it to its initial state, In that case, 
sum of these two transformations WOU 
constitute a cycle; if this cycle oo 


ynamics, which 
1e conservati 


tinue to operal 
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able that a system 
be devised to carry 
he energy needed for 
the cycle (the part 
1e system to its initial 
than the energy em- 
part of the cycle. If 
each time the cycle 
excess energy would 
ver, this would con- 
tradict the firs’ of thermodynamics, 
which states t? vergy can neither be 
created nor de d. 

The possibi f devising a system 
or machine cs of perpetual motion 
stimulated th “ination of man long 


before the bas laid for the postula- 
tion of the pri e of the conservation 
of energy. Lor fore that time it had 
become evid: fter many attempts 
and many fai! that such a system 
could not be sed. This failure and 
its realization zæ, in a way, further 
evidence of the validity of the principle, 


which today is easy to accept. A century 
ago, however, iis validity did not seem 
so irrefutable—especially because the 
principle, in turn, seemed contrary to the 
facts of astronomy as then known. Sci- 
entists, for example, could not under- 
stand the source of the sun’s apparently 
limitless production of energy, which 
could be accounted for neither as the re- 
sult of any chemical reaction nor as de- 
riving from an endless reservoir of heat 
produced at some remote time by some 
unknown reaction, Scientists of that time 
were compelled to assert that this phe- 
nomenon was caused by something that 
could not be reproduced on Earth. Only 
after it was discovered that mass and en- 
ergy were equivalent, and that thermo- 
nuclear reactions could release enor- 
mous quantities of energy, could the 
thermodynamic mechanism of the sun 


and the stars be explained and the most 
dramatic application of the principle of 
conservation of energy be reaffirmed. 
3 


PERPETUAL MOTION—These illustrations are 
meant to represent a system undergoing cy- 
clic transformation, at the end of which the 
system is restored to its initial state. This is 
represented in Illustration 3a; in Illustration 
3b, with the application of heat from the out- 
side, work is performed (raising the piston); 
in Illustration 3c, work is performed on the 
system from outside (lowering the piston). In 
Illustration 3d, heat is lost to the outside, re- 
storing the system to the state shown in Illus- 
tration 3a. If, as is assumed, the system car- 
ries out perpetual motion, at the end of the 
cycle its energy should be greater than it was 
at the beginning; and with a repetition of the 
cycle, which may be assumed to continue in- 
definitely, the quantity of energy would con- 
tinuously increase and—if not drawn off—ac- 
cumulate within the system (Illustration 3e). 
The impossibility of devising such a per, 


This principle, in fact, led directly to the 
realization of the equivalence of mass 
and energy. 


dynamic system in itself constitutes a proof 
of the validity of the first law of thermody- 
namics. 
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THE SECOND LAW OF 


THERMODYNAMICS | 


The science of mechanics is based on 
simple, easily verifiable principles that 
are among the fundamental laws of 
physics. In the same way, the science of 
thermodynamics, which is concerned 
with the exchange of heat and the trans- 
formation of heat into work, is based on 
fundamental laws; but these laws are 
more complex and are more difficult to 
verify. One such law is the second law 
of thermodynamics, which is primarily 
concerned with the limitations of the 
processes that take place within isolated 
systems. Although the second law is more 
complex than the first law—which is es- 
sentially only an application of the princi- 
ple of the conservation of energy—it can 
be understood without too much diffi- 
culty, and is as universally valid as the 
first law. 


IMPOSSIBLE PROCESSES 


Some phenomena that can be imagined 
prove to be entirely impossible of fulfill- 
ment. Inasmuch as both hot and cold ob- 
jects possess a certain amount of heat en- 
ergy, for example, one may imagine that 
this energy could flow in both directions. 
If two steel blocks identical in size and 
shape are placed next to each other 
along one flat surface of each, and so iso- 
lated from the rest of the environment 
that no heat can be exchanged between 
the blocks and the environment, and if 
one of the blocks is hotter than the other, 
then after a certain amount of time the 
temperature of the two blocks will be 
the same, resulting from a flow of ther- 
mal energy from the hotter to the cooler 
block. Yet theoretically, it would be pos- 
sible for thermal energy to flow from the 
cooler to the hotter block, increasing the 
temperature of the latter and also in- 
creasing the difference in temperature 
between the two blocks, Both everyday 
experience and experiments prove that 
this kind of flow never takes place; heat 
passes or is transferred only from a 
hotter to a cooler object, and never in 
the opposite direction. This is one way 
to state the second law of thermodynam- 
ics, and it was first so stated in 1850 by 
the German physicist Rudolf Clausius, 


Any natural process that can occur in 
only one direction is known as an irre- 
versible process. Another irreversible 
process involves the diffusion of fluids 
(liquids or gases) that are capable of 
mixing. A container is fitted with a re- 
movable divider and then filled with two 
different liquids, one on each side of the 
divider so that they do not mix. If the 
divider is then very slowly removed 
without disturbing either of the liquids, 
in a very short time the liquid in the con- 
tainer becomes a homogeneous mixture 
of the two liquids, without having been 
stirred or shaken. This kind of mixing, 
which also occurs in gases (for example, 
the air), results from the movement of 
the molecules of one component (liquid 
or gas) among the molecules of the 
other component, without the perfor- 
mance of any work (such as shaking). 
However, under no conceivable circum- 
stance could the two components—in 
this case the two originally separated 
but now mixed liquids—again separate 
themselves, each on one side of the con- 
tainer, so that the divider could be rein- 
serted between them. In other words, the 
diffusion of liquids and gases is another 
irreversible process. 

A third and very important example 
of an irreversible process is that of the 
action of gases enclosed in a container. 
Two containers are placed in a con- 
trolled, thermally isolated environment 
so that they are not affected by changes 
in temperature; one of these containers 
holds a gas and the other is completely 
evacuated. If the two containers are then 
joined so that their contents mingle, the 
gas from the one container expands— 
without an increase in temperature, inas- 
much as no work is performed—into the 
evacuated container. The result is two 
containers of gas at the same tempera- 
ture. Under no circumstances will the 
gases again separate themselves and fill 
only one container, leaving the other as 
a vacuum. 

Finally, if a simple flywheel, which is 
suspended and free to rotate, is placed, 
while rotating at considerable speed, in 
an insulated environment, then after a 
time, because of the forces of friction, 


impossible and 
irreversible processes 


1 


IRREVERSIBLE PROCESSES—These illustra- 
tions show examples of processes that are l 
reversible—that is, processes that occur nat- 
urally in one direction but not in the other. In 
Illustration 1a, two blocks of metal are el 
closed in a thermally insulated environment 
The initial state of this system is shown On | 
the left: the orange block is hot and the 
brown block is cold. After some time, the state 
of the system will have been transformed I 
that shown on the right: the hot block sul 
tenders some of its heat to the cold block 
and both have a temperature intermediate a 
tween the original temperatures of the w 
blocks. The arrow indicates the direction In 


the wheel will stop rotating, and heat 
will be developed. In this change from 

kinetic to thermal energy, the total e | 
ergy of the system—the wheel in its 8% 

lated environment—has not increas 


which heat transfer naturally occurs. 

In Illustration 1b, the divider in the beaker 
Separates two different liquids—for example, 
water and alcohol—that can be mixed. When 
the divider is removed, without disturbing the 
two liquids, the molecules of each liquid will 
diffuse into the other, as shown in the con- 
tainer on the right. The two liquids cannot 
naturally separate again. As before, the arrow 
Shows the direction in which the process nat- 
urally occurs. 

In Illustration 1c, the lower portion of the 
ree on the left contains a gas separated 
Hs m an evacuated chamber above it. When 

e Neck joining the two chambers is un- 


or decreased; but the nature of the en- 
ergy has changed. Again the opposite 
change will never occur; the heat energy 
will not change itself into kinetic energy, 
cooling and rotating the wheel. This me- 


ed, the gas rushes into the empty space, 
Pe chants in temperature. It cannot be 
made to return naturally inte one chamber, 

vacuum in the other. 

EAE n 1d, a flywheel rotating within 
an insulated space (on the left) gradually 
comes to a halt because of the forces of fric- 
tion, which transform its initial energy into 
heat (on the right). Because this thermal en- 
ergy remains within the system, the total or 
ergy of the system is unchanged; but the 
thermal energy cannot be used (without em- 
ploying some external agency) to revert to 
mechanical energy and start the flywheel to 


rotating again. 


chanical process is irreversible. 
THE CONCEPT OF ENTROPY 


In these examples, in which irreversible 


processes have taken place within iso- 
lated systems, the total energy has al- 
ways remained constant; the thermody- 
namic and mechanical quantities have 
changed, but the variations have oc- 
curred in different ways in each system, 
and it seems almost impossible to gener- 
alize these irreversible processes other 
than by describing them as irreversible. 
However, Clausius developed the con- 
cept of entropy, which refers to the prop- 
erty of a system in terms of its available 
energy—if the quantity of this energy 
tends to decrease, an increase in entropy 
is said to occur. Because irreversible 
processes always involve a decrease in 
the energy available for work (not all 
energy, of course), entropy tends, on the 
whole to increase, 

Entropy is a function of the states of 
a system that depends on its variable 
thermodynamic quantities, such as tem- 
perature, pressure, and so forth, How- 
ever, its special property is that, no mat- 
ter what change occurs in an isolated 
system, its entropy may remain un- 
changed or increase, but can never de- 
crease. This is another facet of the sec- 
ond law of thermodynamics. It must be 
understood, however, that it applies only 
to isolated systems, and not to parts of 
a system; for entropy may indeed de- 
crease within one part, although its in- 
crease in the other part or parts will be 
likely to balance out to a total increase 
for the entire system. The practical as- 
pect of entropy was expressed in Lord 
Kelvin’s statement that it is not possible, 
in an isolated system, for a transforma- 
tion to occur that will produce as much 
energy in the form of work as has been 
available in the form of heat. In every- 
day terms, this means that no heat ma- 
chine—a system transforming heat into 
mechanical energy—can be completely 
efficient. 

It can be shown that the change of en- 
tropy depends only on the initial and final 
states of a system; hence its change can 
be found for any process, reversible or 
not, by considering the heat that would 
have been absorbed in reversible changes 
leading to the same final state, When a 
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process is reversible, the sum of all 2 
changes is zero; for any irreversible proc- [ Tae SECOND LAW IN GRAPHIC FORM—Ac- square), which then transforma It into me 
ess, the sum is positive. ane to Clausius, it is not possible to trans- ical energy. According to Kelvin's version 


fi a cold body T, toa the second law of thermodynamics, it is 
The ee attendee char ait mace se eae = ca Seas the pee pow ilustra- possible for a machine to transfer the entire 
Concerning change of entropy—that it tion 2a. ý quantity of thermal energy so received 


depends only on the initial and final Illustration 2b shows a source of heat, at mechanical energy. 
states, that it is zero for a reversible proc- | the base, flowing into an ideal machine (the 

ess, and that it is positive for an irreversi- 
ble process—are of great importance, both 
for the determination of entropy and for 
the prediction of possible changes in sys- 
tems, 


PERPETUAL MOTION 


A cyclic process in which the net result 
is the restoration of all parts of the system 
to their initial states except for the re- 
moval of heat from a body, and the pro- 
duction of an equivalent amount of work, 
has been called a perpetual motion of 
the second kind, The impossibility of 
perpetual motion of the second kind is 
the essence of the second law of thermo- 
dynamics. This law may be stated in a 
number of different but fundamentally 
equivalent ways, one of which is: It is 
impossible to operate a cycle in which the 
only net effect is the absorption of heat 
from a body at constant temperature and 
the production of an equivalent amount 
of work, 

No machine can be devised that will 
produce mechanical energy without ab- 
sorbing heat energy. This statement con- 
forms to the principle of conservation of 
energy, that is, the first law of thermo- 
dynamics, and in substance rejects the 
possibility of perpetual motion. This pos- 
sibility is rejected in another sense by 
the second law of thermodynamics, 
which holds that whenever thermal en- 
ergy is transformed into mechanical en- 
ergy, it is impossible to absorb the entire 
quantity of the thermal energy from a 
single source and transform it into me- Earth, leaving them much colder than 


sion this and similar possibilities, and k 
chanical energy. If this were possible, the environment. This unlimited source has been difficult to demonstrate that 
mechanical energy could be produced of thermal energy cannot be transformed ý 
by extracting the heat from seawater or into mechanical energy; and although 
from the rocks on the surface of the men have sometimes attempted to envi- 


these visions cannot be realized, E 
proof can be found in the second law % 
thermodynamics. 


THE THIRD LAW OF 


THERMODYNAMICS 


Thermodyna s that branch of physics 
concerned w:. beat as a form of energy, 
and its effect he molecules of matter 
and on oth is of energy. Thermo- 
dynamics aj to many fields, includ- 
ing mechani gineering, low temper- 
ature physic chemical processes. 

The basic »f thermodynamics are 
contained in laws. The first states 
that heat ca converted into work, 
and convers: rk into heat, with the 
amount of w ual to the quantity of 
heat (expres terms of energy). The 
second state when a free exchange 
of heat take vetween two bodies 
as a self-sust s and continuous proc- 
ess, the heat t always be transferred 
from the hot the colder body. 

The third | f thermodynamics states 
that every si ce known to man has 
a definite « (an availability of 
energy to dc ) that approaches zero 
as its tempe nears absolute zero— 
—273,16° C í 9.69° F). As the energy 
becomes ur ble, the entropy is said 
to increase variables in thermody- 
namic proci re entropy, pressure, 
temperatur volume. 

In many « ical reactions, the first 
law (conser, of energy) is not al- 
ways eviden the energy is hidden in 
forms not « recognized. However, 
energy canne spontaneously created 
but must aly involve transformations 


of one type or another. For example, it is 
impossible to design an engine that will 
work without fuel or some other energy 
Source. Neither will an engine be able to 
Convert all of the heat obtained from fuel 
into mechanical energy. It can only con- 
vert a part of the heat into mechanical 
energy, depending on certain thermody- 
namic conditions. 
4 Some of these conditions are inherent 
in the second law of thermodynamics, 
and they permit a more complete defini- 
tion of the state of a system. Free energy 
and entropy, for example, are used to 
study equilibrium conditions in matter. 
Free energy must necessarily diminish in 
Spontaneous reactions; otherwise, the re- 
action could not proceed. 

The functions derived from the first 
and second laws only permit an incom- 


plete definition of thermal characteristics 
or equilibrium constants, however. The 
absolute value of an equilibrium constant 
requires the determination of an integra- 
tion constant apart from the functions 
themselves. Thus, variations in the en- 
tropy of a system can be predicted, but 
not the value that entropy had before or 
after the variation. This apparent limita- 
tion is overcome by means of the third 
law. 


THE THIRD LAW OF 
THERMODYNAMICS 


The third principle of thermodynamics 
was first formulated by the French chem- 
ist Le Châtelier in 1888. In his experi- 
1 


the formulations 
of Nernst and Planck 


ments, the changes of free energy that 
occurred in the reagents during a chemi- 
cal reaction were studied. It became ob- 
vious that by determining an integration 
constant it would be possible to intro- 
duce this factor into the equation. In 
1902, measurements of the reaction heat 
of various substances were examined, and 
it was found that the free energies under- 
went an increasingly small variation as 
the reaction neared absolute zero. In 
modern terms, a reaction produces a 
variation in free energy that depends on 
the temperature at which the reaction 
takes place. At low temperatures, the 
amount of variation of Gibbs’s free en- 
ergy is very close to the variation of 
Helmholtz’s free energy. 


GRAPHS OF THIRD PRINCIPLE — The dis- 
covery that the curves representing the varia- 
tions of Gibbs’s free energy (AF) and Helm- 
holtz’s free energy (AH) coincide at absolute 
zero is shown in Illustration 1a. In Illustration 
1b, it is shown that the two curves tend toward 
the same limit values as the temperature T ap- 
proaches zero, and with a horizontal tangent 
in both cases, as predicted by Nernst. 

The curves in a real case are seen in Illus- 
trations 1c and 1d; the previous curves were 
only ideal. In the previous illustrations, a dotted 


AF 


line represents the part of the curves closest 
to absolute zero. In practice, it is possible to 
plot a curve without such gaps if that becomes 
necessary. The variations of F and H in trans- 
forming white tin into gray tin are shown in 
Illustration 1c. The character of the curves 
agrees perfectly with the theoretical curves. 
In transforming diamond into graphite (Illus- 
tration 1d), the curves again agree with the 
third law of thermodynamics. The only dis- 
crepancy (a minor one) is that the positions 
of the two curves are inverted. 


calories 
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THERMODYNAMIC AND PHYSICAL PROP- 
ERTIES AT ABSOLUTE ZERO—The behavior 
of matter at temperatures near absolute zero 
is shown. Entropy, specific heat, surface ten- 
sion, and coefficient of expansion are the vari- 
ous properties examined. The behavior of 
these properties is determined a priori from 
theory (particularly the third law), but can be 
verified in actual experiments. The theory can- 
not, however, predict the form of the curves 
representing the increase in magnitude as 
temperature increases, In this illustration, the 
absolute temperature T is considered to be 
plotted along the abscissa, while the ordinate 
represents some property such as volume V, 
surface tension a, or entropy S. 

This illustration, and the other facts postu- 
lated, permit the following statement of the 
third law of thermodynamics. The entropy of 
a solid or liquid at absolute zero can be either 
zero or finite, but never Infinite. When it is 
zero, the solid must find itself in a pure state 
in accordance with quantum mechanics. By 
Pure state is meant a perfect crystal without 
defects or admixtures of isotropic type. Stat- 
ing the third law in this way takes into account 
all the special phenomena that modern tech- 
niques have uncovered. 


This can be plotted on a graph with 
both free energies shown as curves that 
come together at absolute zero. In 1902, 
no hypothesis regarding the form of the 
two curves was made, but it was estab- 
lished that they did coincide. The Ger- 
man physical chemist Walter Nemst 
later concluded that the curves not only 
came together at absolute zero, but that 
they did so at the same value and with 
the same tangent, 

The Nemst formula, or thermal theory, 
contained everything needed to estab- 


lish that the value of entropy at absolute 
zero was the same for all matter. Other 
methods are, of course, possible in formu- 
lating the value of entropy. 


OTHER FORMULATIONS 


The German physicist Max Planck sub- 
sequently established the fact that the 
entropy of a substance was zero at abso- 
lute zero. This formula defined a sub- 
stance as a crystalline solid. Other com- 
plex considerations show that liquids 
and gases can have entropy values that 
are very different from zero at absolute 
zero. Liquids then have special character- 
istics (high viscosity, for example) at 
very low temperatures, while gases be- 
have differently at the same low temper- 
atures. The variations in the quantum 
states of gas atoms and molecules can be 
determined by spectroscopic examination. 

While measurements confirm that the 
entropy of gases or liquids is not zero, 
the entropy does not rise to infinity as 
might be expected The variation of the 
entropy AS is defined as the quotient of 
a quantity of heat AQ exchanged and the 
absolute temperature T at which this ex- 
change takes place; that is, AQ/T = AS. 

Plancks formula is independent of 
others, and permits several interesting 
deductions. For example, in a body 
cooled by adiabatic transformation, the 
temperatures that can be obtained be- 
come less and less as the starting temper- 
ature decreases. In other words, it is not 
possible to attain absolute zero. This fact 
is basic to the study of thermodynamics 
and to an understanding of the third 
law. It is why this principle is sometimes 
called the unattainability of absolute zero, 


TESTS OF THE THIRD LAW 


Numerous evaluations of the third law of 
thermodynamics have been made. These 
tests called for the measurement of the 
heat capacities of substances involved in 
reactions for which the entropy change 


had been measured independently by the 
change of AF with temperature. In 
majority of cases satisfactory agreement 
has been found, but several exceptions 
have also been noted. To say that the ex 
ceptional substances are not perfect crys- 
talline substances is not a satisfactory ex- 
planation unless an independent criterion 
of perfection is available. 

The case of hydrogen is most interest- 
ing. According to certain rules of quan- 
tum mechanics, normal hydrogen may be 
considered to be a mixture of parahydro- 
gen (hydrogen with nuclear spins in the 
opposite directions) and orthohydrogen 
(hydrogen with nuclear spins in the same 
direction). At low temperatures and in 
the presence of an effective catalyst, the | 
orthohydrogen changes to parahydrogen; 
as absolute zero is approached, it be- 
comes nearly pure parahydrogen. 

If the heat capacity of the hydrogen is 
measured in the presence of a catalyst 
that maintains the mixture of parahydro- 
gen and orthohydrogen in their equilib: 
rium amounts, entropies at higher tem- 
peratures are obtained, These entropi 
are consistent with measurements con: 
ducted by other means. However, during 
measurements of heat capacity conducted 
in the absence of a catalyst, the normal 
hydrogen persists as a mixture (three 
parts orthohydrogen and one part para 
hydrogen) to very low temperatures. 

Heat capacities measured in this way, 
coupled with the assumption of zero en- 
tropy at the absolute zero, lead to an api 
parent entropy at moderate or even high 
temperatures—and this is in disagreemen! 
(by about 4 cal/mole-deg) with the re 
sults of measurements made with the 1 
actions of hydrogen, Therefore, if this 
value is used to calculate chemical equi 
libria, the pressure or concentration 0 
hydrogen so determined can be in errot 
by a factor of nearly 10. For a few othe! 
substances, the corresponding error cal 
amount to as much as a factor of three 
Nevertheless, in the great majority 
cases, excellent agreement obtains. 
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LOW TEMPERATURES | tigason 


Extreme cold es many substances to 
assume excey al properties they do 
not exhibit © Some metals and 
alloys, for e e, become supercon- 
ductors at ver temperatures. Other 
substances, s1 helium, that are nor- 
mally viscous òw temperatures will 
lose this visc: under extreme cold. 
These effects he production of such 
low temperat the laboratory have 
resulted in th: ial branch of physics 
called cryoger 

Often it is r to study solids and 
liquids at low yeratures, where their 
properties art iler to interpret and 
measure quan ively. Some high-en- 
ergy experime: ) nuclear physics actu- 
ally depend or cold, which is used to 
liquefy the g hat fuel rockets and 
missiles, 

The equip: needed to produce 
low temperat (several tens of de- 
grees below Centigrade) was de- 
veloped for t! t part in this century, 
enabling resi rs to liquefy many 
gases, includi bon dioxide and some 
hydrocarbons frst some gases were 
considered ir ressible, even at low 
temperatures, these can now be 
liquefied as v “he more important of 
these gases, : the last to be lique- 
fied, were heli: hydrogen, oxygen, and 
nitrogen, 

Those temper » ‘ures between 50 and 90° 
above absolute evo were first thought to 


be extremely jow temperatures, How- 
ever, when hydrogen was subsequently 
liquefied (1898 ), the term low tempera- 
ture came to mean that on the order of 
10° absolute, It dropped again when he- 
lium was liquefied and cooled to 1° abso- 
lute, In 1922, temperatures of 0.726° ab- 
Solute were obtained by evaporating 
liquid helium, and the Kelvin scale came 
into wide use (where K=C + 273°). 

A few years later, an entirely new 
pated made it possible to obtain still 
ower temperatures, This method, the 
adiabatic demagnetizing of paramagnetic 
crystals, is widely used today where ex- 
fonts require temperatures below 

K. In recent years, experiments actu- 


ly have been made at temperatures be- 
low 001° K, 


PRINCIPLE OF LIQUID AIR REFRIGERATOR 
—It is possible to produce liquid air in the 
laboratory with this system, which consists of 
a cold part e, hot part a and heat exchanger c. 
The refrigerant consists of air that is *com- 
pressed isothermally at a to a pressure p. The 
upper heat exchanger b uses an external fluid 
to maintain the constant temperature. The re- 
frigerant is then precooled in the heat ex- 
changer c with the refrigerant that has been 
discharged from the cold part e. The refriger- 
ant is now at a high pressure p and low tem- 
perature t. At d the refrigerant is isothermally 
expanded and brought to a low pressure. In 
the cold part, the refrigerant may be used to 
cool some external air, eventually liquefying 
the air. Finally the refrigerant is returned to 
the compressor at a low pressure to renew 
the cycle. 


MECHANICS OF LIQUID AIR REFRIGERATOR 
—WMore details of the liquid air refrigerator are 
shown in this illustration. Actually, it is a 
small, compact, and relatively simple device. 
The piston a serves to compress the gas to 
be liquefied, the refrigerator or heat exchanger 
b cools it isothermally, and the regenerator d 
absorbs the heat produced into its porous 
walls. The regenerator actually takes the place 
of the heat exchanger shown in Illustration 1. 
The gas next passes into the cavity e, where 
it expands (piston is withdrawn). The piston 
is insulated and the gas to be cooled expands 
into the conic area g, which has finned outer 
walls that permit heat exchange. The gas to 
be liquefied (air) passes along the other side 
of these walls. The piston then pushes air 
through the regenerator, which is cooled, and 
this air returns to the piston chamber to begin 
the refrigeration cycle once more. 
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CROSS SECTION OF LIQUID AIR REFRIGER- 
ATOR—An actual refrigerator or liquefier is 
shown in cross section with the principal parts 
indicated. An electric motor a supplies the 
energy, crank mechanisms b control piston 
movement, and the external fluid refrigerator 
d has one inlet e and one outlet f. The regen- 
erator g, piston h, and piston chamber walls i 
are also shown, The air inlet | and liquid out- 
let m complete the apparatus. The liquefied 
air is collected in a container n. This particular 
refrigerator consumes very little energy and 
pan produce about 7 liters of liquid air per 
our. 


THERMODYNAMIC CYCLE—The cycle shown 
represents the steps used in the cooling proc- 
ess in Illustration 1. The cycle begins at A and 
undergoes isothermal compression to B (a 
and b in Illustration 1). From B to C the re- 
frigerant is cooled at constant pressure (c of 
Illustration 1). From C to D there is an iso- 
thermal expansion (d of Illustration 1) and 
finally D to A depicts the return of the re- 
frigerant through the cold part back to the 
compressor. The cycle has been somewhat 
idealized, since compression is not perfectly 
isothermal and heat exchange does not occur 
at constant temperature. 


For these reasons, it is difficult to cor 
relate low temperatures in different areas 
of research. Generally, it is understood 
that low temperatures refer to that range 
in which it is possible to liquefy so-called 
incompressible gases (helium), Ey 
tremely low temperatures then are those 
obtained only by means of adiabatic de. 
magnetization. This cooling method was 
suggested independently by the Dutch 
physical chemist Peter Debye and the 
US. physical chemist William Giauque, 

The equipment used to obtain low 
temperatures in the laboratory is shown 
in the illustrations, The various methods 
are many, but generally can be classified 
as either open- or closed cycle. The ma- 
chines use compressed vapors or iso- 
entropic expansion; and the refrigerators 
described can liquefy air or helium. 


232323232322 


Z 
<5 


EEE 


55 
oS 
CES 


es 


%7 


a 
< 


0% 
~ 
> 

<> 


s 


“es 


5 
e 
o; 


ZZR 
rene 
CxS 

waters: 


<5 


= 


xe 
SOS 
RECS 


<5 


5 


+ 


<5 


Z% 
52025 


r 


o 


ee 


SS 
<> 


Z 
ves 
rane 


SSIS 


S 


5 


S 


L 


5% 
S 


x 
<5 


“ae 
ee 


es 


<> 


<5 


ore 
5 


oe 
5 


res 


=; 


x 


see 


r; 
<5 


Zy 


9 


a, 
eee 


RS 
a 


EXO 


a 


CNS 


x 
SS 


> 


EX 
Kx 


5b 


HELIUM LIQUEFIERS—The apparatus used to 
liquefy helium (Illustration 5a) is more elab- 
orate than liquid air or liquid hydrogen refrig- 
erators. The entire system must have excep- 
tional thermal insulation to protect it against 
the very rapid diffusion of heat that occurs. 
This insulation consists of airtight metal vac- 
uum containers. The heat exchangers also re- 
quire vast surface area and usually consist of 
double tubes of great length (several kilom- 
eters in large-capacity systems). Moreover, 
because of the very low temperatures that must 
be reached, the yield of liquid helium can be 
increased considerably by precooling with low- 
temperature refrigerants to begin with, such as 
liquid nitrogen. The consumption of this gas 
must, therefore, be kept in mind when calcu- 
lating efficiency. 

The largest liquid helium refrigerator avail- 
able belongs to the U.S. Bureau of Standards 
and can produce 250 liters per hour under 
top conditions. The layout shown is that of 
Kapitza’s liquefier, a modified version of the 
one built in Munich. The capacity of such 
machines is about 1 liter per hour of liquid 
helium. In the layout (Illustration 5b), the prin- 
cipal parts are heat exchangers a to d, liquid 
nitrogen refrigerator e, piston f, and gas cham- 
ber g. The inlet h for the helium gas, which 
must arrive at a pressure of 30 atmospheres, 
and the container i to collect the liquid helium 
complete the apparatus. 
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HELIUM AT LOW 


TEMPERATURES | two liquid phases 


For every rule, it seems, there is at least 
one exception. For liquids, the exception 
is helium. Laws applying to the nature 
and characteristics of liquids are valid 
for all liquids except helium at extremely 
low temperatures, At such temperatures 
helium displays some characteristics that 
have not been found in any other sub- 
stance. 

These characteristics were gradually 
and steadily examined through experi- 
mentation after the first liquefaction of 
this gas. 

Because the element helium is very 
rare, experiments on the properties of 
helium were not frequent. It is interest- 
ing to note that helium was discovered 
in the sun in 1868, by means of a line 


observed in the spectrum, before it was 
found on the Earth. However, later that 
same year it was discovered on the Earth 
as the emanation of an igneous rock that 
contained radioactive substances. Since 
the atmosphere contains only five parts 
per million of this gas, it is as difficult to 
extract it from the air as from volcanic 
emanations or radioactive rocks. 

Today it is possible to obtain consider- 
able quantities of helium from natural 
gases that contain more than 1 percent 
of the gas by volume. Only after the sup- 
ply of helium no longer constituted a 
problem did it become possible to use 
this element for experiments and thus 
obtain a better knowledge of its extraor- 
dinary properties. 
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THERMAL SUPERCONDUCTIVITY—The deter- 
mination of the thermal conductivity of helium 
led to this surprising discovery: helium II 
possesses a very high thermal conductivity. In 
fact, its conductivity is about a million times 
greater than that of copper, which has one of 
the highest thermal conductivities among all 
the common substances. In absolute terms, 
helium II Is the substance with the greatest 
known thermal conductivity. The first experi- 
ments made to determine its value were car- 


ried out by immersing a pair of plates in liquid 
helium. One of the plates was then heated and 
the temperature of the other was measured to 
determine the rate at which the liquid con- 
ducted the heat. The apparatus was sensitive 
enough to determine the thermal conductivity 
of helium |, but it could give no measurable 
temperature difference for helium II. The ther- 
mal conductivity of helium IlI could be mea- 
sured only by the apparatus shown here. A 
thermally insulated container with a broad, 
closed base and a narrow, capillary tube open- 
ing at the top is placed upside down in a bath 
of liquid helium. 

This vessel contains an electrical resistance 
that, when current is passing through it, can 
heat the liquid in which it is immersed. If the 
liquid level inside and outside the container 
is the same, the temperature on either side of 
the container also must be the same. Any dif- 
ference in temperature would produce a pres- 
sure difference. For example, if the heating 
due to the resistance causes the helium in- 
side the container to rise in temperature, a 
vapor tension is produced inside the container 
and the helium level in the container is forced 
below that of the open bath. 

When the electric resistance is switched on, 
the helium in the container is heated. Equilib- 
rium with the external liquid can be reached 
only through the capillary tube, since only a 
negligible amount of heat can be exchanged 
through the walls of the container, which was 
constructed from insulating material. The ex- 
periment shows, even when moderate quanti- 
ties of heat are involved, that the flow of heat 
through the liquid filling the capillary tube is 
extremely rapid: this, quite obviously, corre- 


sponds to a very high coefficient of thermal 
conductivity. 


2. ae = ee 
THE FOUNTAIN EFFEC e experiment In 
the previous illustration is surprising re 
sults when it is carried in certain cond 
tions of temperature. S cally, when the 
helium inside the contai; s heated, some- 
times the helium leve! witi 18 container rises 
rather than falls. At first ice it seems thal 
the helium is being c by the heating, 
which obviously is nonsens- The only rento 
able explanation of this ». snomenon is m 
the transfer of heat throug’: the capillary tul j 
must be accompanied by « ilow of hentum 
the opposite direction. This explanation o : 
proved correct by means of the ga 
shown in Illustration 2a. Actually, the ap 
ratus is the same as that used in the prevo 
illustration, except that both ends of the on 
tainer are open. Since the container is opr 
at the top as well as the bottom, the prenn 
acting on the liquid is the same on both si H 
The level of the liquid within the contain 
gins to rise as soon as the heat is awia 
on. The same effect can be obtained on a ie: 
larger scale when the apparatus shown in ia 
tration 2b is used. This consists of a wide 
that narrows to a capillary, with the wide 
being immersed in the helium Il. The pes 
part of the tube is filled with powder and ¢ 
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SUPERFLUIDITY—Another special character- 
istic of helium II is superfluidity. At very low 
temperatures helium does more than become 
a superconductor; its viscosity is reduced to 
extremely low values. Measurements of its vis- 
cosity were carried out by different methods. 
The earliest experiments were made with the 
rather primitive method of suspending a disk 
within the liquid and causing it to oscillate. In 
later experiments the liquid helium was made 
to flow through capillary tubes or through con- 
duits formed of two parallel plates of glass 
placed very close to each other. This latter ex- 
perimental arrangement was adopted by the 
Soviet physicist Peter Kapitza in 1941. 

The upper vessel in this illustration contains 
helium; it communicates with the lower vessel 
by means of a conduit that narrows at a cer- 
tain point, assuming a rectangular cross sec- 
tion. This section of the conduit consists of two 
parallel plates of glass kept a small distance 
apart by two lateral distance pieces (see en- 
larged detail). The helium can flow from the 
upper vessel to the lower one; the speed with 
which the transfer is made depends not only 
on the quantity of helium, but also on its vis- 
cosity and the distance between the two glass 
plates. When helium | is used for the experi- 
ment, the speed of transfer is slow; with he- 
lium II, on the other hand, it is very rapid. The 
glass plates are flat and, in the absence of the 
distance pieces, the two plates can be brought 
together until the distance between them Is 
only 0.0005 mm. Helium | takes many minutes 


to flow through so small an opening (normal 
liquids would take a much longer time because 
of their greater viscosity), but helium II will 
pass in a matter of seconds. The experiment 
can be carried out in two operations: the upper 
vessel is filled first with helium |, and later 
with helium that has cooled until it has be- 
come helium II. The point to note is that the 
viscosity of helium is reduced by as much as 
1,500 times as soon as the lambda point is 
passed. At a temperature of 1.6° K, helium II 
has a viscosity of no more than 10 micropoise 
(the poise is a unit of viscosity; its dimensions 
in the cgs system are g/cm sec). This means 
that the viscosity of helium II is about one 
twentieth the viscosity of gaseous helium, and 
about one ninth the viscosity of gaseous hy- 
drogen. As is known, gaseous hydrogen is the 
least viscous substance known at ordinary 
temperatures. 

The viscosity of gaseous hydrogen dimin- 
ishes at very low temperatures and becomes 
comparable to that of helium II; but the hydro- 
gen is a gas, while helium II is liquid. Even the 
most fluid liquids always have a viscosity about 
a thousand times greater than that of the 
gases. The low viscosity of helium II is due to 
an arrangement of the atoms that is very sim- 
ilar to the one postulated for an ideal gas. A 
contribution to the superfluidity of helium II 
is also made by its exceptionally low density, 
which constitutes proof of the great distance 
separating the molecules. 


wool. The powder absorbs 
uminated and thus heats 
d in the wider part of the 
! the flow in the direction 
he propagation of the heat, 
projected violently upward 
jh the capillary tube, from 
ihe form of a spout. Appro- 


Priately, this phenomenon is known as the 


fountain effect. 


THE TRANSFER FILM— Another exceptional 
phenomenon associated with helium II is the 
formation of a film of liquid on the surface of 
the vessel in which the helium is contained. 
This film can cause considerable quantities of 
the liquid to escape. The helium here is put 
into a double-walled glass container in which 


the inner wall is silvered. As indicated, a film 
of helium forms along the walls, moves upward 
inside the container, and then descends along 
the outer surface. If the section of the con- 
tainer is reduced in size, the speed of transfer 
accelerates because the circumference of the 
section from which the film detaches Itself be- 
comes predominant with respect to its sur- 
face. The graph shows rapid diminution once 
the transfer takes place. 
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THE PHASE DIAGRAM—This illustration shows 
the curves that represent the conditions of 
pressure and temperature in which two phases 
of a substance can coexist. The phase dia- 
grams of all substances have a triple point 
where the three phases (solid, liquid, and gas) 
of the substance can coexist. In the case of 
helium, however, there is no such point be- 
cause the solid cannot with stability coexist 
with the vapor. 

If solid helium and helium vapor are brought 
together, one of the two phases will disappear 


by turning into the other or by becoming 
liquid. Depending on the prevailing tempera- 
ture and pressure, some of the solid will fuse, 
or the vapor will condense, until the coexisting 
phases are either liquid and solid or liquid 
and gas. 

Another surprising feature of the phase dia- 
gram of helium is the presence of two liquid 
phases. The one that is stable at higher tem- 
peratures is called helium |, while the one 
that is stable at lower temperatures is called 
helium Il. Many substances possess two dis- 
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THE LAMBDA PHENOMENON—The discovery 
of the two phases of liquid helium was made 
gradually as the studies of its Physical prop- 
erties progressed. 

Density was the first characteristic of liquid 
helium to be analyzed (Illustration 6a). It shows 
a maximum value at the point where the tem- 
perature of the liquid falls below about 2,2° K 
at normal pressure. Water also displays a 


maximum value of the density at a tem; 

of 3.95° C (about 39.29 F), A Pa 
the density on either side 
quite gradual, 
however, 


but the variation of 

of the maximum is 

In the case of liquid helium, 

the variation is abrupt and the dia- 
a 


temperature (° K) 


gram comes to a sharp peak. This fact is an 
indication of a change of phase in the sub- 
stance being examined. 

Illustration 6b plots the latent heat of evap- 
oration; that is, of the amount of heat needed 
at various temperatures to cause a liquid to 
evaporate. Here again there is a sudden varia- 
tion at the same temperature at which the 
abrupt variation of density occurs. This strongly 
confirms the variation of the liquid phase. 

The third proof, and the most significant 
one, is provided by its specific heat. Illustra- 
tion 6c shows the curve marking the variation 
of the specific heat in respect to temperature: 
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ments of the atoms at this stage are oriented 
at random. 
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ductivity, which in certain cases may 
become infinite (the phenomenon of 
superconductivity). To measure these 
properties of matter at low temperatures, 
it is essential to have: (1) a means of re- 
frigerating the substances to tempera- 
tures feasible for experimentation; (2) a 
way of varying these temperatures; and 
above all (3) a method of measuring 
them. 

The experimental techniques involved 
do not present any excessively difficult 
problems until the attempt is made to 
reach temperatures within a few de- 
grees of absolute zero (—273.16°C or 
—459.69°F). When the goal is below 
1°K (absolute), the difficulties become 
enormous and call for a complete change 
in experimental technique. Actually, the 
lowest temperature obtainable by the 


If a magnetic field is now made to act on 
the substance, the magnetic moments of the 
atoms become oriented in the same direction 
(shown in Illustration 1b by the arrows, which 
are all parallel). This operation generates heat 
because a certain amount of work must be 
performed to reorient the magnetic moments 
of the atoms. Nevertheless, since the speci- 
men is immersed in an isothermal environ- 
ment refrigerated by liquid helium, its temper- 
ature does not rise. In short, magnetization 
takes place under isothermal conditions; and 
this is why the halos surrounding the atoms 
are shown with the same width as before. 

Illustration 1c shows the third phase of 
adiabatic demagnetization. First, the thermal 
contact of the specimen with the liquid helium 
is eliminated. Then, the magnetic field is sud- 


how the lowest 
temperatures are obtained 


so-called ordinary methods is 1° K; this 
limit is imposed by the fact that liquid 
helium has the property of reaching 
temperatures close to this value when 
made to evaporate under certain condi- 
tions. Since liquid helium at ordinary 
pressures does not solidify at absolute 
zero, the technique used to obtain the 
extremely low temperature of 1° K con- 
sists of liquefying helium and causing it 
to evaporate quickly by pumping. The 
pumping must be quite rapid to ensure 
that no gaseous helium remains above 
the liquid helium, for the presence of the 
gas would promote the condensation 
rather than the evaporation of the liquid. 
The liquid helium will then reach a tem- 
perature of 1°K or slightly less. 

This temperature is the starting point 
for the magnetic method, which allows 


denly removed and the specimen becomes 
demagnetized. 

The magnetic moments of the atoms again 
become oriented at random. In doing so they 
absorb energy from the specimen, and the 
thermal movements of the atoms are reduced. 
This leads to a fall in the temperature of the 
crystal of paramagnetic substance. The illus- 
tration shows the atoms not only with their 
magnetic moments again distributed at ran- 
dom, but also with halos that correspond to 
the strongly reduced thermal agitation. 

After the demagnetization, it is desirable 
that the specimen remain thermally insulated 
from the environment as long as possible so 
that the specimen will not become heated by 
means of thermal radiation and conduction, 
and will remain ready for use. 
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THE CRYOSTAT USED FOR ADIABATIC DE- 
MAGNETIZATION — This instrument is ex- 
tremely delicate, for the thermal contact be- 
tween the specimen and the helium during 
isothermal demagnetization must be as ac- 
curate as possible; subsequently, the speci- 
men must be perfectly isolated from the cryo- 
Stat. Either glass or metal is used to make 
cryostats for extremely low temperatures. 
However, glass is porous as far as helium is 
concerned and permits its passage. A Dewar 
flask, therefore, loses its insulating properties 
as the helium penetrates into the space be- 
tween the two walls, permitting the transmis- 
sion of heat by conduction. This difficulty is 
often overcome by continuous pumping, which 
maintains the vacuum in the space between 
the walls. 

The illustration shows the characteristics of 
a glass cryostat used for cooling by means 
of adiabatic demagnetization. 

M is the magnet that effects the isothermal 
magnetization; it is placed outside the cryo- 
stat, in the uncooled part of the laboratory. 
The cryostat itself is placed between the pole 
shoes of the magnet and attached to it by 
firm metallic connections (not shown). DI is 
the outer Dewar flask, which contains liquid 
hydrogen; it Provides the first thermal screen 
from the external environment, and its pur- 
pose is to protect the next vessel, which con- 
tains liquid helium. DH is a Dewar flask that 
contains liquid helium and that supplies the 
low temperature that serves as the starting 
point for the demagnetization process. P is the 
connection between the top of the Dewar flask 
containing the helium and the pump that keeps 


the helium in continuous \ oration. N is the 
connection to the mano: that measures 
the helium's pressure anc lirectly, its tem- 
perature. V, V’ and V” ar ves whose func- 
tion will be explained late s a conduit that 
enables the wires of the ric thermometer 
to pass into the flask. © a specimen to 
be cooled, and R is the v that contains it 

To carry out the mag: tion under iso- 
thermal conditions, the men is placed 
in thermal contact with t juld hellum; To 
accomplish this, the va V and W are 
opened; the helium vap ming from the 
vessel DH can thus pas 9 the recipient 
containing the specimen. r, when the de- 
magnetization is carried the specimen 
must remain completely | ated. Valve Y 
is, therefore, closed and v’ is opened; 


this latter valve connects vessel R to hi: 
vacuum pump. The structure of the vesetli 
is extremely complex and is examined in bi 
next illustration. S and S’ are conductor wi 
ings that establish the magnetic fields neede 
to measure the temperature of the specimen. 

The curved tubing indicated by Tis a rada 
tion trap. Actually, radiation is about the ont 
way heat may reach the specimen; a inst 
scratch in the silvering that protects aor 
radiation is quite sufficient to prevent reaching 
extremely low temperatures. 

Although in the illustration the spec 
container appears to be rather long, a 
actually much longer because it must è rid 
tively insulate the warm part from the e 
part; and one of the essential conditions is 
such an insulation is that the two parts 
far away from each other. 


even lower ten atures to be reached. 
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nately magne and demagnetizing a 
paramagnetic ance. When a para- 
magnetic su is magnetized, its 
atoms are for assume a particular 
orientation, £ > same direction and 
sense; this ir jat a certain amount 
of work is p l on the atoms. As a 
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movements of ther- 
h occur at all tem- 
heoretically at abso- 
in intensity. The 
ng to very low tem- 
method of adiabatic 
demagnetizati consists of subtracting 
this excess heat from the paramagnetic 
substance to be cooled—while the mag- 
netic field is still acting. The substance 
obtained in this manner has the same 
temperature it had at the beginning of 
the Process, except that it is now mag- 
netized. If the magnetic field is now 
Temoved, the substance becomes demag- 
netized and the atoms lose the char- 
acteristic of being oriented in the same 
ria The energy needed to bring 
Sirsa back into the crystal is obtained 
ae os agitation energy of the 
oe of the paramagnetic substance; 
dean nee temperature of the sub- 
ae a alls still further. Many substances 
n x cooled by adiabatic demagnetiza- 
ee oe Meer since the lowest tempera- 
ss i = can be Teached depend on the 
reac ic a of each specific sub- 
fake 9l viously every substance will 
Pa e capable of reaching the tempera- 
es required for certain experiments. 


THE SPECIMEN CONTAINER—Each of the 
comparatively few low temperature research 
laboratories uses a particular type of speci- 
men container for adiabatic demagnetization. 
The one shown here is made of glass that can 
be fused without the need to produce exces- 
sively high temperatures; such temperatures 
would be dangerous because most of the 
paramagnetic substances used are very deli- 
cate and can decompose when the tempera- 
ture reaches a few tens of degrees. R is the 
glass vessel within which the specimen is 
placed; S indicates the conductor windings 
that produce the magnetic fields needed for 
the measurements. The specimen C consists 
of a small sphere of solid substance that rests 
on a small glass cup. 

The stem F of the cup is extremely thin; in 
order to avoid even the small amount of heat 
it could conduct away, the stem is interrupted 
by a block of paramagnetic material P. This 


block, in turn, interrupts its contact with the 
vessel when it is subject to adiabatic demag- 
netization. A conic friction joint V with ac- 
curately ground surfaces enables the appa- 
ratus to be rapidly assembled and dismantled. 
This joint is made with great precision, for 
it must be capable of holding the vacuum 
when the helium is pumped out of the vessel. 

The solenoids surrounding the vessel are 
used to measure those magnetic magnitudes 
that characterize the low temperatures pro- 
duced. Three parameters are suitable for the 
measurement of the temperatures: (1) the 
magnetic susceptibility; (2) the coefficient of 
thermal absorption of the energy produced by 
an alternating magnetic field; and (3) the re- 
sidual magnetic moment; that is, the magnetic 
moment that remains in the specimen even 
after the magnetizing action of the external 
field has been removed. 
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MAGNETIC PHENOMENA 


No one knows when magnetism was dis- 
covered, but the Greeks knew of it sev- 
eral centuries before the birth of Christ. 
Thales of Miletus (640-546? s.c. ), one of 
the Seven Wise Men of ancient Greek 
philosophy, mentioned a natural magnet, 
a special kind of rock that had the ex- 
traordinary property of either attracting 
or repelling other pieces of the same rock. 
This mineral lodestone (a magnetic ox- 
ide of iron, magnetite, Fe0O4) was 
found near Magnesia, a city in Thessaly 
settled by the Magnetes—hence the name 
“magnet.” 

Early in the Christian era the Chinese 
discovered that a piece of iron rubbed 
against a lump of natural magnetic rock 
took on the same magnetic properties, At 
about the same time it was also discov- 
ered that magnets, suspended so they 
could rotate freely, have a second prop- 
erty of taking up a set orientation with 
respect to what are now known as the 
points of the compass. The modern ship’s 
compass is an improved version of the 
same invention, but operating on the 
same principle. 

Until the beginning of the nineteenth 
century, magnetic phenomena were con- 
sidered to be in a class of their own, and 
apparently no one imagined that there 
could be any connection between them 
and the phenomena of electricity, which 
had been discovered earlier, 

In 1820 the Danish physicist Hans 
Christian Oersted discovered that a con- 
ductor with an electric current passing 
through it produced a force field with the 
power of deviating a compass needle, 
This was the first known time that any- 
one had reason to suspect a relation be- 
tween magnetic and electric phenomena, 
Within a few years a number of other 
important discoveries had shown that this 
relation was even closer than had been 
suspected and that electric current could 
be produced from the movement of mag- 
nets, 

Although the relation between mag- 
netism and electricity had now been dem- 

onstrated in a number of famous experi- 
ments, no one had yet explained the 
origin of magnetism in solids, including 


natural substances such as magnetite. 
Shortly after Oersted published the re- 
sults of his experiments, the French phys- 
icist André Marie Ampère suggested that 
permanent magnetism in solids was 
caused by the movement of electric 
charges within them. 

Ampère showed in 1825 that electric 
current in a circuit is equivalent to a 
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were in a posi o work out the theory pretation, study, and observation of all the study of these phenomena is that of 


of many pheno: ı concerning the mag- the reciprocal actions.) the reaction between magnetic fields and 
netic behavior atter. An understand- A convenient point at which to begin electric charges in motion. 
ing of such cor vated subjects requires 
study of two le cases of the mag- 2 
netic behavio matter: an electric |THE FORCE EXERTED ON A CHARGE IN 
charge in mot side a magnetic field ]MOTION—lIlustration 2a shows how it is pos- 
aor fie luced by an sible to calculate the forces exerted on a 

and the magr id prod S h y: charge in motion through a magnetic field. 
electric charge otion. (In either case |A particle with the charge q (assumed posi- 
it is assumed he medium in which | tive), in motion on a path I, reaches a point P 

ion tak re in which the | at which it is subject to the magnetic induction 
the mohon: ta! ee and pac b af represented by the vector B. The result is 
magnetic fore: rate is a vacuum, be- | that the particle is driven upward by the force 
cause this as: tion facilitates inter- |F. The calculation of the force exerted on the 


charge q is simplified if the velocity and the 
magnetic induction at P are perpendicular to 
each other; that is, if the angle BPV is a right 


REPRESENTING GNETIC FIELDS—If an||angle. Then, the magnitude of the force 
electric charge rest at a point in space | | F = qVB. 

where there are h electric and magnetic The relative direction of the vectors in- 
fields, the station, charge is subject only to | | volved in this formula for the action of mag- 
electrostatic for lf, however, the same | | netic fields on particles in motion can be re- 
charge is cause: ass through that point at | | membered by the left-hand rule (Illustration 


a certain veloci! found to be subject to | | 2b). If the velocity vector is in the direction 


a magnetic for well as to electrostatic | | of the middle finger and the magnetic induc- 
forces. The rel hip between a magnetic | | tion vector along the forefinger, the force will 
force and the fo exerts on a moving elec- | | be exerted in the direction of the thumb. This 
tric charge is it the simplest ways of] | rule is useful for understanding immediately 


defining a mag ield. In Illustration 1a, a | | without risk of error the direction of the force 


particle in moti `g the path I at a velocity | | exerted on a particle in motion. 
V is subject to ə F (which, as the illus- When the velocity V and induction B of the 
tration shows, | endicular to the velocity | | particle are at an angle of less than 90°, it is ae 
of the particle point) when it passes | | sufficient to consider the component of the ( 
through the p This fact indicates the | | velocity that is perpendicular to the induction. 
Presence of a atic field if it is known | | The value of this component is V sin $, where 
that no electric are present in the same | | 4 is the angle between the velocity and the 
area of spaco ay electric fields were | | induction. The previous formula becomes F = 
Present, the tc cting on the particle as | |qVB sin 4. By using the symbols adopted in 
a result of its on in the magnetic field | | vector calculations this formula can be written 
would be addex iny other forces produced | | F = q VxB, when x is the symbol of the vec- 
by the electros field. torial product of two vectors and V, B, and F 
This property magnetic field, based on] | are vectorial magnitudes. 
a simple experirmsnial observation, shows that 


it is convenient to represent the magnetic field | | è 


in such a way that it is possible to calculate 
the force that is exerted on a charged particle 
of known velocity. The magnetic field may be 
represented by a vector, an entity represented 
geometrically by an arrow. This vector is de- 
sl by B and is called the magnetic induc- 
ion. 

Illustration 1b shows a network of points in 
Space, each with an arrow showing the inten- 
sity of the magnetic induction at that point— 
one of the ways in which a magnetic field can 
be represented. 

Another way is to draw, for the area of 
Space concerned, the flux lines of the induc- 
tion; that is, the lines drawn in such a way that 
the induction vector is always tangent to the 
line itself. Illustration 1¢ shows how this repre- 
Sentation is achieved: Where the lines of force 
are close together, the induction intensity is 
Greatest, The passage of a charged particle 
hrough a point at which the flux lines are 
Close together involves the exertion of a 
Stronger force than if the charged particle 
Were to pass at a point where the lines are 
More widely spaced (provided that the angle 
rattieen the path of the particle and the di- 
ection of the magnetic induction is equal). 
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APPLICATIONS—The law of the action of a 
magnetic field on electrostatic charges in mo- 
tion has a large number of applications. The 
law makes it possible to interpret certain phe- 
nomena concerned with the action of mag- 
netic fields on electric charges, and to con- 
struct a large number of electric and electronic 
instruments. The law is also of fundamental 
interest in electrical engineering because elec- 
tric motors are based on an application of it. 
Illustration 3a shows a number of induction 

vectors, each parallel to one another and each 
of the same intensity. If a charged particle is 
sent into this field perpendicularly to the di- 
rection in which the arrows of the induction 
vectors are pointing, the particle will move on 
a circular path whose radius depends on the 
charge and velocity of the particle and on the 
intensity of the magnetic field, Because the 
force is exerted perpendicularly to the direc- 
tion of the velocity of the Particle, the magni- 
tude of the velocity does not vary, although 
its direction does; hence, the path of the 
particle is a circle. This is the case ina 
particle accelerator in which the motion of 
the charges is calculated by using the law of 
the action of a magnetic field on electrostatic 
charges. 

A more complicated case of the action of a 
magnetic field on the motion of a particle 
(Illustration 3b) is that in which the Particle 
is subject to acceleration produced by an 


ye 


electrostatic field, and moves at the same time 
in a magnetic field that is parallel to the elec- 
trostatic field. If the Particle has an initial 
velocity V, not parallel to the direction of the 
magnetic and electric field, the path of the 
Particle will be a helix whose pitch increases. 

A single moving charge in a magnetic field 
is shown in Illustration 2a. If there were in- 
stead a number of Positive charges moving 
along a conductor, the charges in this case 
would be subject to a force driving them down- 
ward as shown in Illustration 3c. 

An important example of reciprocal action 
between electric currents and magnetic fields 
is that of a coil conductor (Illustration 3d). A 
current i is passing through the coil in the 
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direction shown by the arrow. The ool ie 
been placed at an angle to the magneti E hd 
On the sides of the coil are vectors inci 
the forces to which each side of the con F F, 
is subject. The resultant of the forces ia 
F”, and F% is a torque tending to strai oat 
the conductor and make it take up the i, 
shown by the broken lines. EREE 
caused only by the forces F and F' 
F’ and F” cancel one another. ic 
This is the principle on which an elect 
motor is based—a coil conductor is ee 
magnetic field and an electric current Panetic 
through it; the interaction of the mi arren 
field and the moving charges of the © 
causes the coil to rotate. 
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Wl) PRODUCED BY A CHARGE IN 
Hat IN—An electric charge at rest does not 
fe ped any magnetic effects around itself. 
headin ane with a highly sensitive magnetic 
aheue, is placed close to it, as Illustration 1a 
eee needle will assume a position dic- 
this yne Earth's magnetic field. Moreover, 
the is tion will be completely independent of 
leer ative positions of the compass and the 
menir Kae The illustration shows that no 
waa ow the compass is placed with re- 
oe the charge, the needle always will 
field of Ng Position parallel to the magnetic 
añ e Earth; it will not be influenced in 

Whee by the electric charge. 
Tenom happens when the electric charge, no 
the ie rest, is in motion? In Illustration 1b, 
hapa ction of the motion is indicated by 
RES N on the broken line r. Now the com- 
i iE close to the electric charge in 
megs will be subject not only to the Earth's 

'gnetic field, but also to a field set up by 


bined study can yield large dividends. 

Combined study of electric and mag- 
netic fields will show, for example, that 
(1) the movement of an electric charge 
generates a magnetic field; and (2) cer- 
tain laws relate the properties of the mag- 
netic field to the motion of the charge. 
Furthermore, by using these laws it is 
possible to predict the magnetic behavior 
of matter; this is true in regard to in- 
dividual atoms as well as solid substances, 
which consist of many atoms grouped 
together. 


the motion of the charge. What happens when 
the magnetic action due to the motion of the 
charges is much greater in proportion to that 
of the Earth's magnetic field? Also, what hap- 
pens if suitable measures are taken to cancel 
the Earth's magnetic field in the immediate 
neighborhood of the needle? In both cases, 
as the compass is placed in various positions 
around the electric charge in motion, the 
needle will react as shown in the illustration. 

From the Oersted-like experiment just per- 
formed, a map (Illustration 1c) of the mag- 
netic field can be deduced; it shows how the 
magnetic induction vector B is arranged in a 
plane perpendicular to that of the motion of 
the electric charge. The vectors that repre- 
sent the magnetic induction (shown by the 
arrows) are arranged in the same manner as 
a corkscrew would have to be turned in order 
to make it move forward in the direction of 
the motion of the electric charge causing the 
magnetic field. This is generally called the 


ECTRIC CURRENTS | Oersted’s experiments 


Only an electric charge in motion is 
capable of inducing a magnetic field. In 
fact, an electric charge at rest can exer- 
cise only electric forces on the charges in 
the space surrounding it; the laws that 
govern these forces are the ordinary laws 
of electrostatics. When the charge that 
produces an electric field is in motion, it 
will supplement the electric forces it ex- 
ercises over its surroundings with other 
forces of a magnetic nature. 

In 1820 the Danish physicist and 
chemist Hans Christian Oersted observed 


corkscrew rule. It shows the relative direc- 
tions of both the charge and the induction 
vector. 

If the equation of the motion of the pointlike 
particle carrying a given electric charge is 
known, it is possible to calculate the intensity 
of the magnetic induction vector at the various 
points of the field: it is found that this is pro- 
portional to the quantity of electric charge 
that travels a unit distance (1 cm) in a unit 
of time and also to the sine function of the 
angle # shown in the illustration, In other 
words, the intensity of the induction becomes 
greater as the element of the trajectory trav- 
eled by the charge approaches the plane in 
which the induction is calculated. Also, it is 
inversely proportional to the square of the 
distance r that separates the charge in mo- 
tion from the point at which the intensity of 
the magnetic induction vector is being cal- 
culated. This law is generally known as the 
Biot-Savart Law. 
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that a magnetic needle, when brought 
near a conductor carrying an electric cur- 
rent, deflects from the position it normally 
assumes because of the Earth’s magnetic 
field. From this basic experiment the laws 
of the magnetic field can be deduced. 
Careful probing will disclose that mag- 
netic fields can be produced by electric 
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THE BIOT-SAVART LAW—Once the two previ- 
ous illustrations are understood, it is easy (1) 
to see that a conductor carrying an electric 
current produces a magnetic field, and (2) to 
calculate the intensity of this field in the 
case of a straight conductor. 

Illustration 2a shows the pieces into which 
the conductor may be imagined to have been 
subdivided and the magnetic fiela produced 
by each division. The intensity of the mag- 
netic induction vector B, when evaluated in 
accordance with the criteria shown under Il- 
lustration 1, is numerically different in the 
various cases; however, it is always in the 
same direction, 

In Illustration 2b, the sum of the induction 
effects of all the circuit elements into which 
the conductor has been divided is a single 
intense Induction vector B. 

It is possible to establish that the intensity 
of the magnetic induction B, at a point at a 
distance a from the straight conductor carry- 
ing a current i and having an infinite length, 
is given by the formula B = Hoi/27a, where 
Ho is a constant. This is often referred to as 
Ampere's law. 


FORCES BETWEEN CURRENT-CARRYING 
CONDUCTORS—If two current-carrying con- 
ductors are brought close to each other, di- 
fectional forces are exercised between the 
two conductors. In fact, both the conductors 
Produce magnetic fields in accordance with 
the laws already illustrated; the electric 
charges in motion along one of the conductors 


a 
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charges in motion and, therefore, by con- 
ductors carrying an electric current. Be- 
cause of the importance of his discovery, 
Oersted was widely honored. 

Oersted’s experiment and its interpre- 
tation provide the key to understanding 
magnetic fields produced by currents. 
The experiment can be described by means 


will become subject to attractions or repul- 
sions due to the magnetic field Produced by 
the electric charges moving along the other 
conductor. 

The simplest case (Illustration 3a) has two 
straight, parallel conductors carrying currents, 
i and i’ represent intensities of the currents 
they carry; a is the distance between them. 
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of the magnetic induction vector B, Bx 


actly what this vector represents becomes 
clear when it is compared with the in. 
tensity vector of the magnetic field, In { 
the following conside tions, the indue. 
tion vector represe: the magnitude 
that is ordinarily ciated with a 


magnetic field. 
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Illustration 3b shows 
two conductors. In the ; 
are induction lines arran 
circles around the conduc 
lar induction lines could b 
conductor on the right). T? 
along an element of the co 
the plane of the section 
come subject to a force wh 
be found by means of tho right-hand rule 
When applied to this case, the rule makes It 
Possible to prove that the force acts In thd) 
direction shown—toward the other conductor | 

The Biot-Savart Law also makes it possible | 
to calculate the intensity of the force exeri 
cised between two conductor elements of uni | 
length: F = poil’/2ma. This force is prore 
tional to the product of the intensities of th 
currents i and i’ carried by the two conductor 
and inversely proportional to the distance ‘i 
separating them. The force is one of attractio! 
when the two currents flow in the same a 
tion, and repulsion when they flow in oppo 
directions. fine 

This result can actually be used to d a 
the unit of current intensity. An ampere ia | 
be defined as that intensity of current flow! a 
in two straight, parallel conductors of inti 
length that will produce an attractive fore 
2 x 107 newtons for every meter of va 
Only mechanical, not electrical, magniti | 
are involved in this definition. These Inci a 
the distance between the two cond aa k 
the force that is created. The ampere defini 
in this manner is called the absolute amperi 
because its definition is not based on ee 
cal magnitudes and is independent of ti | 


20 0 O 00E 


ae SOLENOIDS, AND TOROIDS—Experi- 
Ee ated from working the previous ex- 
What re s is employed in the examination of 
When oppona in proximity to any conductor 
proach Saent flows through it. A good ap- 
Simplest f this problem is to consider the 
a orm of conductor, the circular coil. 
radius a cular coil (Illustration 4a) has a 
lst What a and the current flow of intensity 
if the a will be the intensity of the induction 
coll to sounding space, at the center of the 
may be oie For this problem, the coil 
number oxen of as being split into a large 
to aloen small segments, each short enough 
dark’ se to be considered straight. Note the 
conside ent at the top of the coll; It may be 
infinite ia as part of a straight conductor of 
the inten: par The problem is to calculate 
uctor aa of the induction that the con- 
Cause 3 Ween at the center of the coil be- 
tuale of the current flowing through it. Ao- 
under Illus is similar to the problem discussed 
iie es ustration 2. The induction caused at 
nter of the coil is represented by the 
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short vector B’ shown a little above the center 
of the coil. All the other elements of current 
behave in the same manner, and each of them 
will cause a weak induction at the center of 
the coil. All these inductions can therefore be 
represented by parallel vectors and their sum 
is the vector B at the center of the coil. Ac- 
cording to the Biot-Savart law, the intensity 
of the magnetic induction at the center of the 
coil can be shown to be B = poi/2a. 

A slightly more complex calculation would 
make it possible to construct each point of 
this illustration showing the flow lines of the 
induction field through the section of the coil 
(Illustration 4b). In the immediate neighbor- 
hood of the coil conductor, all the flow lines 
close back on themselves to form rings; but 
those that pass close to the axis of the coil 
close back onto themselves at great distances, 
while the one that passes through the axis of 
the coil closes at infinity. 

A number of coils placed in contact with 
each other, like a spring, form a solenoid (Il- 
lustration 4c). Here the induction field is pro- 


duced by a solenoid of only five coils. It is 
quite similar to the field set up by the single 
coil in Illustration 4b. 

The striking feature of the magnetic field 
produced by a long, current-carrying solenoid 
of many coils (Illustration 4d) is that the lines 
of force inside the solenoid are practically 
straight and parallel to its axis. This Important 
property of the solenoid is utilized in many 
instruments, especially those used to magne- 
tize compass needles with extreme precision 
and uniformity. 

If a solenoid is bent in such a way that its 
axis, originally a straight line, comes to form 
a circle and the two ends of the solenoid are 
brought together, the result is a toroid (Illus- 
tration 4e). A key characteristic of the toroid is 
that the lines of the induction field close them- 
selves within the toroid itself, not outside at 
infinity as in the case of the open solenoid. 
The field inside the toroid has a practically 
constant intensity, while on the outside hardly 
any field exists. 
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ELECTROMAGNETIC 


INDUCTION 


An electrical charge moving through a 
magnetic field is subjected to a force that 
is directly proportional to the charge and 
speed of the particle and the intensity of 
the magnetic induction vector of the 
field. The direction of this force—called 
the Lorentz force, after the Dutch physi- 
cist Hendrik Antoon Lorentz—is perpen- 
dicular to the direction of the magnetic 
induction vector and to the motion of the 
particle on which the force is acting. 
This fact is utilized to move electric 
charges in conductors, that is, to produce 
electric current. It should be remembered 
that a conductor can be represented sche- 
matically as an array of positive ions lo- 
cated in fixed positions on a crystalline 
lattice—positions around which the ions 
can oscillate but which they cannot leave. 
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INDUCTION IN A MOVING CONDUCTOR—An 
electric charge moving in a direction perpen- 
dicular to the lines of induction of a magnetic 
field becomes subjected to a force that acts at 
right angles to the direction in which the 
charge is moving and the direction of the in- 
duction lines of the magnetic field. 

In Illustration 1a, the arrow toward the right 
represents the direction in which a positive 
charge is moving at a velocity v; the arrow B 
at right angles to the rear represents the direc- 
tion of the induction lines of the magnetic 
field; and the arrow F at right angles upward 
represents the direction of the force to which 
the charge is subjected. 

Illustration 1b makes it possible to interpret 
what happens in a conductor of a length I mov- 
ing within a field of uniform magnetic induc- 


tion. The arrows indicate the direction of the 
lines of magnetic induction. The arrows are 
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electrical energy from 
mechanical energy 


The conductor also contains an electronic 
cloud, that is, an array of free electrons— 
mostly the outer electrons of the conduc- 
tors atoms—that usually move, because 
of thermal agitation, in a completely dis- 
orderly manner through the lattice of 
ions, with little impediment. These elec- 
trons may, however, be given a net drift 
in one particular direction, by means of 
an applied external electric field or by a 
magnetic field that exerts forces on elec- 
trical charges in motion. 

The discovery of the laws that gov- 
ern the action of magnetic fields on elec- 
tric current was the work of several 
nineteenth-century physicists, including 
Michael Faraday, Franz Erst Neu- 
mann, Joseph Henry, and Heinrich 
Friedrich Emil Lenz. The laws opened 
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parallel with each other and away from the 
observer, and are perpendicular to the plane 
in which the conductor is moving; the crosses 
show the points of intersection of the lines of 
magnetic induction with the plane of the con- 
ductor. The conductor is moving, at a speed 
V, toward the right. What happens to the free 
electrons within the conductor, the electrons 
that move both because of thermal agitation 
and also because of the motion of the conduc- 
tor of which they are part? 

The thermal agitation of electrons has no 
effect on the Lorentz force, because the elec- 
trons move at random in all directions; whereas 
under the described conditions, each electron 
is subjected to a force that pushes it sideways, 
as shown in Illustration 1c. The positive 
charges are also shown moving to the top of 
the conductor, and the negative charges are 
shown at the bottom. This is, in fact, an ab- 
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ple laws of electromag: ‘ic induction, 
The study of the law of electromag- 
netic induction is simp ed by the use 
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straction, for the only motion is that of w 
negative charges, the electrons; their mo 
ment in one direction (downward) has i 
effect of a positive charge simultaneously ma 
ing in the other direction (upward), and ma 
fore the ends of the conductor are polarize! a 
This polarization is brought about by a o 
known as the induced electromotive forga 
caused by the movement of the conductor 


the magnetic field. Electromotive fores on 
temporarily displaces the electrical cue 


from their original uniform distribution sie 
out the conductor so that they are finally 4 a 
centrated at each end—a concentration in 
lasts only as long as the conductor We 
the magnetic field. As soon as the condi 
stops moving, the concentrations are foll a 
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is everywhere neutral. 
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Y DERIVED FROM ME- 
-lf the conductor in the 
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slide along another con- 
shape of a C, the two 
me in effect a circuit. It 
that this circuit of con- 
hin a magnetic field with 
induction directed, as be- 
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e, its positive pole will 
d the current will flow in 
by the arrow i. 
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id the force due to the 
apparent here, the pres- 
ic field is apparent in the 
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RULE—The simple right- 


the direction of the current 
Induced in a conductor moving in a magnetic 
field. The thumb, forefinger, and middle finger 
are pointed at right angles to each other, the 
thumb pointing in the direction in which the 
Conductor moves v; the forefinger in the di- 
fection of induction of the magnetic field B; 
and the middle finger in the direction i in 
Which the current is flowing. 
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THE FARADAY-NEUMANN LAW—From a re- 
examination of Illustration 2, it can be stated 
that an electric current is induced in a circuit 
formed by a fixed and mobile conductor by 
the motion of the mobile section. The greater 
the speed of the motion of the mobile section, 
the more intense is the current induced in the 
circuit. There are many ways of varying the 
induction flux that passes through the loop 
of a conductor. 

In Illustration 4a, by means of a variable 
resistance (bottom left) the current generated 
by the battery is allowed to flow through the 
loop b; because the resistance is almost en- 
tirely excluded, the current is rather intense, 
and it is shown producing many induction lines 
(with arrows), some of which cross the circular 
loop a. In Illustration 4b, the resistance is in- 
cluded in the circuit, reducing the current flow- 
ing through loop b, diminishing the intensity 
of the magnetic field, and, therefore, allowing 
fewer induction lines to penetrate loop a. In 
this case, the diminution of the magnetic in- 
duction flux through a is not caused by a dis- 
placement of the circuit, as in the previous 
case, but is caused electrically by a less in- 
tense circuit flowing through loop b. The effect, 
however, is the same: variation of the magnetic 
induction flux induces an electromotive force 
in loop a, and therefore a current flows in it. 
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INDUCTION IN A ROTATING LOOP—A very 
important application of magnetic induction is 
found in the construction of alternating-current 
generators. The principle behind these con- 
sists of rotating a loop of conducting material 
in a magnetic field. 

In Illustration 5a, the loop, rotating about a 
horizontal axis, is in a position perpendicular 
to the induction lines of the magnetic field. In 
this position the variation of the induction flux 
is small, and, therefore, the induced electro- 


b 


a 


a 
HS 


For any given situation, the induced elec- 
tromotive force can be calculated by means of 
the Faraday-Neumann law, which states that 
the force is equal to the time rate of change 
of the flux that passes through the circuit. Re- 
turning to Illustration 2, the variation of flux 
(A¢) equals —BAA; that is, —BlAs, where A 
represents the projection of the area of the 
circuit loop in a plane perpendicular to the 
lines of induction. —AA represents the dimi- 
nution of A, / represents the length of the mo- 
bile conductor, and As represents the distance 
the mobile conductor covers in time At. 

This relationship can be transformed into 
the form Ad/At = —Blv, by substituting As = 
våt, where At is the time in which the varia- 
tion of the flux occurs, and v is the speed of 
displacement of the mobile section that pro- 
duces the variation of the loop's area. Thus, 
in the present situation, the magnitude of the 
induced electromotive force F is given by Biv. 
The electromotive force is always such that its 
own effects act in opposition to the cause that 
has produced it. The electromotive force in- 
duced in the circuit shown in this illustration, 
for example, has been caused by the diminu- 
tion of the electromagnetic induction flux; as 
the mobile arm moves toward the left, it gen- 
erates a current in the circuit that tends to 
push the arm toward the right. 
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motive force is also small. 

In Illustration 5b, the loop is in line with the 
magnetic field, and the induced electromag- 
netic force reaches a maximum. 

By continuously rotating the loop between 
these positions, a sinusoidal variation of the 
induced electromagnetic force (emf) is ob- 
tained, as shown in Illustration 5c. An electro- 
magnetic force that varies sinusoidally in time 
produces an alternating current flowing through 
the loop. 
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INDUCED FOUCAULT CURRENTS — Induced 
currents have many useful applications, but 
they also may have harmful effects. 

In an alternating-current transformer (Illus- 
tration 6a), many turns of copper wire are 
wound around the core; through the wire flows 
an alternating current that generates a variable 
magnetic field along the axis of the turns. 
If the core were formed of a single block of 
metal, it would be subjected to an induction 
effect, and an induced electromagnetic force 
would begin to act on it because the core 
would be within a variable magnetic field pro- 


duced by the alternating current. 

Illustration 6b shows how induction gener- 
ates currents in the core in the direction of the 
arrows, thereby wasting part of the energy that 
should be transferred to the turns of the 
secondary coil. 

These induced currents (Illustration 6c) en- 
counter very little resistance because they 
flow through a rather large section of the 
armature, marked in the diagram by the letters 
a, a’, a”, al”, 

The intensity of the induced currents can be 
greatly reduced by a special type of armature 


construction. If the armature is constructed | 
the form of a number of plates Insulae id 
each other, as shown in Illustration 64, in ihe 
duced currents are forced to flow wit 
plate in which they are generated, He, BS | 
their passage from one plate to anol 


3 a wi 
counters considerable resistance; nodal 
therefore, lose much less energy: known 


currents that cause energy losses are re fir 
as Foucault currents because they wA 
studied by the French physicist Jen rove? 
Léon Foucault, who also introduced imp! 
ments in the electric arc. 
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THE BRAKING ACTION OF FOUCAULT CUR- 
RENTS—Foucault currents, also called eddy 
currents, are used in some instruments and 
arrangements. 

Illustration 7a represents the circuit of a 
galvanometer. It consists of a moving coil sus- 
pended in a magnetic field by a thin fiber of 
quartz or some easily twisted metal. The pas- 
sage of a current through the moving coil pro- 
duces a rotation of the coil that is opposed by 
the torsion of the fiber. 

When the current stops flowing through 
the coil, the elasticity of the fiber to which the 
coil is attached will bring the coil back to its 
rest position. This will occur after a very long 
series of oscillations that can last for as much 
as ten minutes in some instruments. The oscil- 
lations can be stopped by connecting the two 
ends of the coil to form a closed circuit, in 
which the movement through the magnetic field 
induces a current. The magnetic field acting 
on the coil is manifested by a torque that stops 
the coil from rotating; the coil then returns to 
its rest position without further oscillation (II- 
lustration 7b). 

If a metal disk is made to rotate between the 
poles of a magnet, the magnet will induce cur- 
rents in the disk; the currents flow more or less 
along the lines shown in Illustration 7c. The 
movement of these currents in the magnetic 
field in which the disk is located causes a force 
that drags the magnet and makes it rotate; or, 
the magnet can be rotated, thus dragging the 
disk and making it rotate. The dragging force 
is proportional to the intensity of the induced 
currents, and these are in turn proportional to 
the speed of rotation of the disk. This principle 
is applied in one type of speedometer. 
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THE MAGNETIC PHENOMENA 


OF MATTER 


Experiments (either hypothetical or ac- 
tual) with magnetic phenomena relating 
to induction vary considerably if the con- 
ditions are changed. Phenomena occur- 
ring with various types of conductors 
change if they occur in matter rather than 
empty space. For example, an electric 
current is induced in a coil of conducting 
material when the flux of the magnetic in- 
duction vector through the coil is made 
to vary, and the intensity of this current 
depends on the speed with which the 
flux varies within the coil. It will be shown 
here that the intensity of the induced cur- 
rent also depends on the medium in which 
the coil is immersed. Placing different 


ROWLAND'S RING—One of the most funda- 
mental items of equipment for studying mag- 
netic phenomena in matter is Rowland’s ring, 
invented by the American physicist H. A. 
Rowland. With its help, he was able to investi- 
gate many of the magnetic properties of mat- 
ter. The ring consists of a toroidal winding of 
conducting material that can be connected to 
a generator of direct current. The ring shown 
here consists of many turns wound on a thin 
Support that may be made, for example, from 
cardboard. Within this support is introduced 
the substance whose magnetic properties are 
to be examined. The de generator is P, I is the 
switch, and S is the main, or induction, wind- 
ing. A part of the main winding is covered by 
another winding, S’, which receives the voltage 
induced when the circuit of the principal sole- 
noid is closed. The circuit of S’ includes a 
ballistic galvanometer. 

The toroidal winding chosen here has the 
advantage of ensuring that the magnetic cir- 
cuit consists of a closed ting and will not, 
therefore, give rise to any dispersion of flux. 
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diamagnetism, paramagnetism, 
and ferromagnetism 


substances between the turns of the coil 
varies the intensity of the phenomenon. 
This is the starting point for defining the 
magnetic properties of matter. 

This examination of magnetic proper- 
ties will be carried out at two levels: the 
first a description of the phenomena man- 
ifested by matter that is magnetized; the 
second an interpretation of the phenom- 
ena. However, detailed interpretations 
are difficult because the magnetic behav- 
ior of matter depends on its atomic and 
structural constitution and on tempera- 
tures. The theoretical interpretation of 
this class of phenomena requires a knowl- 
edge of quantum mechanics. 


When switch I of the main winding S is closed, 
a current flows through the circuit. This cur- 
rent generates a magnetic field whose induc- 
tion vector is parallel to the axis of the toroid. 
The establishment of this field causes a varia- 
tion of flux within the secondary winding S’, 
and a current of very brief duration is thus 
induced in this winding. The duration of the 
current is so brief that it cannot be measured 
by an ammeter. This was the only instrument 
available at the time Rowland carried out his 
experiments, so he made use of a galvanom- 
eter of the ballistic type. 

Galvanometers are said to be ballistic when 
they can be used for measuring a current that 
passes for an extremely brief period of time. 
The moving part of the galvanometer rotates 
through an angle that is proportional to the 
product of the current and the time it flows; 
that is, an angle proportional to the quantity 
of charge passing through the galvanometer. 
This type of instrument differs from conven- 
tional galvanometers in that conventional gal- 
vanometers measure the intensity of the cur- 
rent flowing in a conductor and are constructed 
in such a way that the oscillations of the mov- 
ing part are of extremely short duration. The 
instrument thus comes quickly to rest in a new 
equilibrium position. In this position the torque 
in the wire (by means of which the moving part 
is suspended) is in equilibrium with the Lo- 
rentz forces because of the current that circu- 
lates in the coil. In the case of the ballistic 
galvanometer, on the other hand, the mobile 
part is constructed in such a way that its oscil- 
lations last for a much longer time; in prac- 
tice, the maximum elongation is reached when 
the whole of the brief pulse of current has 
passed through the coil. The advantage of this 
arrangement is that it makes possible the mea- 
surement of very brief pulses of currents 
whose intensities vary with respect to time. 

It will now be shown that currents flow in a 
Rowland ring when it is filled with different 
materials; also, a more modern system for 
measuring magnetic induction may be con- 
structed. 


MEASUREMENT WITH THE OSCILLOSCOP 
—When it was still necessary to use ballistic 
galvanometers, it was found that there werd 
certain substances that, when inserted into a 
Rowland ring, did not permit an accurate mea 
surement of the difference of effect with 1@ 
spect to empty space. 

P Today this difference is measured by 
cathode ray oscilloscope. When the a 
supplying current to the primary winding ‘ho 
Rowland’s toroid is closed, the point T of 
secondary circuit is grounded and then ve 
nected to the oscilloscope. The signal on in 
screen indicates the value of the voltage H | 
the secondary circuit. The oscilloscope a 
rather than consisting of a horizontal line 
(which would correspond to a de volley 
a line that rises in proportion to the vO! {ute 
that occurs in S’. This apparatus can be 
ther improved. For example, the volteo ey i 
to the oscilloscope can be amplified wee 
precision amplifier, or it can be compa it 
with a standard voltage to see whet | 
exceeds it or not. al 
The switch in the primary circult can | 
closed manually or by an automatic elec a 
arrangement. The switch is generally af a 
at periodic intervals in order to ona 
Persistent trace on the oscilloscope. 1g are 
the magnetic characteristics of materials { 
measured by apparatuses of this type- 
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THE CAUSE OF DIAMAGNETISM—Among the 
three forms of magnetic behavior displayed 
by matter, the one most easily explained is 
diamagnetism. To this end an analogy is use- 
ful: assume a coil in which a current is flowing 
(Illustration 4a). A magnetic field whose initial 
Value is zero is placed within the coil; the 
Nas then rises to a certain intensity. The 
esenta arrows of increasing length in the 
ustration serve to represent the growing in- 

tensity of the magnetic field, while the curved 
hone represent the growing intensity of 
a induced current that circulates in the 
fia and reduces the intensity of the inducing 
eld. This phenomenon occurs both when the 

pargas subject to the action of the magnetic 
K ae Moving in a conductor and when they 
a ree in space. Charges of the latter type 
Zi y be represented, for example, by the ions 
aton rarefied gas or by the electrons of an 
diep etation 4b shows the charge that is 
ai uted within an atom; the charge is not 
deti onary, even though it may be difficult to 
ne the exact trajectory along which it 


into the ring—an iron salt for example. The 
induction in the winding of the ring now be- 
comes a little greater (the increase is of the 
order of a few parts per thousand). The sub- 
stances that exhibit an increase of this order 
of magnitude are called paramagnetic. The 
salts of iron, cobalt, chromium, and manganese 
are all paramagnetic substances. The same 
applies to many oxides, the salts of the rare 
earths, and, among the gases, oxygen. 
Illustration 3c shows that if a substance 
such as bismuth is introduced into the ring, the 
induction in the secondary circuit is slightly 
less than the one that would be obtained when 
the ring is immersed in empty space. A sub- 
stance of this type is called diamagnetic. 
While a paramagnetic substance has a favor- 
able effect on the establishment of the field, 
however slight this improvement may be, a 
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moves. However, it moves, and its motion is 
such that its speed of rotation diminishes 
when a magnetic field is induced around the 
atom. The charge will thus tend to diminish 
the magnetic field that surrounds the atom. 
The phenomenon of diamagnetism, therefore, 


diamagnetic substance exerts a small opposi- 
tion. The noble gases are other examples of 
diamagnetic substances. 

Illustration 3d shows that if the ring is 
wound on an iron core, an enormous increase 
in the value of the induction occurs. This 
increase may vary between one thousand and 
more than ten thousand times, and it depends 
on the type of material chosen and the iron 
content of the alloy employed. Substances 
of this type are called ferromagnetic. 

Ferromagnetism is a property also displayed 
by many substances other than iron: nickel 
and cobalt, for example. The binary and ter- 
nary alloys of these metals, as well as the 
alloys with additions of other metals, are also 
ferromagnetic. 

These are the three principal types of mag- 
netic behavior displayed by matter. 


possesses two very important characteristics: 
it is present in all atoms because all the atoms 
in the periodic system have the characteristic 
of having an electric charge in motion; and 
it acts in a sense that opposes the inductive 
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PARAMAGNETISM—The fact that atoms pos- 
sess magnetic currents enables each atom to 
be thought of as a small magnet made up of 
a microscopic mesh of current. For the mo- 
ment, the interest is in the phenomenological 
aspect of the problem, and it is, therefore, 
sufficient to consider the atoms of a block 
of matter as so many tiny magnets. These tiny 
magnets, when far away from a magnetic field, 
are all oriented at random. A magnetic field, 
on the other hand, orients them all in the 
same direction. When they are oriented in this 
manner they strengthen the magnetic field 
that generated them. However, there is no sub- 
stance in which this straightening of the axes 
of the elementary magnets occurs in a perfect 
manner, and in the greater part of the sub- 
stances It is achieved only partially. Moreover, 
not all atoms produce a magnetic field of the 
same intensity, 

It has already been shown that the diamag- 
netic effect is present in all atoms. A sub- 
stance only displays paramagnetic behavior if 
the magnetic field produced by the alignment 
of the tiny magnets Is more intense than the 
field produced by the diamagnetism of the 
substance itself. When the substance is heated 
to a high temperature, the thermal oscillations 
of the atoms again introduce disorder into the 
arrangement of the magnetic axes, and this 
leads to a reduction of the paramagnetic ef- 
fect. Illustration 5a shows paramagnetic ma- 
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terial consisting of a network of tiny magnets 
whose axes are arranged in a disorderly man- 
ner in the absence of a magnetic field. Illus- 
tration 5b shows the same material with the 


axes arranged in a more orderly (but still 
perfect) manner when such a field is acti 
on it. 
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FERROMAGNETISM—The cause of ferromag- 
netism is completely different from that of 
either diamagnetism or Paramagnetism. In fact, 
whereas the phenomenon in the first two cases 
is exclusively due to the atomic Properties of 
matter, ferromagnetism also involves phenom- 
ena that concern the structure of the solid in 
which the atoms are organized. It is not even 
necessary to destroy completely this atomic 
organization of the solid in order to Cause the 
ferromagnetic phenomena to disappear; it is 
quite sufficient to heat the solid beyond the 
Curie point, that is, to the temperature at Which 
the thermal oscillation of the atoms is suffi- 
cient to destroy the organization that gives 
rise to ferromagnetism. The Curie temperature 
is always lower than the melting point of the 
solid and varies from one substance to an- 
other. A rather summary illustration of the 


phenomenon of ferromagnetism can be given: 

Illustration 6a shows that in a ferromagnetic 
Substance there exist groupings of atoms that 
can be compared to microcrystals, in which 
the magnetic moments of the atoms are all 
oriented in the same direction. Each of these 
groupings, which are called domains and con- 
tain from one thousand to one million billion 
atoms, has a strong magnetic moment of its 
own. However, as this illustration shows, under 
ordinary conditions the magnetic moments of 
the various domains are all oriented in differ- 
ent directions and the substance as a whole 
does not, therefore, seem to Possess a mag- 
netic field. 

Illustration 6b shows what happens to a 
ferromagnetic substance when a weak mag- 
netic field is applied to it. The domains, which 
were previously oriented in a completely ran- 


dom manner, now begin to orient themselves: 
in the direction that might be called the dire 
tion of the inducing magnetic field. The orlen- 
tation of these magnetic fields causes an w 
crease in the intensity of the magnetic field 
that can be observed from outside. eld 
If the intensity of the inducing magnetic fi 

is increased still further, an almost completely 
uniform orientation of the domains is observet 
and this brings about the enormous increase 
in the intensity of the induced magnetic fie! : 
(Illustration 6c). Despite the comparison ie 
domains to something like microcrystals, th $ 
comparison is valid only as regards the 
mensions of the domains, which, notwithstal 
ing the large number of atoms they conta 
have maximum transverse dimensions of #! 
order of 30 to 300 um (microns). 
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its. When a current passes 


Inductance is 
of electric circ! 


through a coi tor, energy is expended 
to maintain +c current against the re- 
sistance of t} ductor. Energy is also 
expended to | cate the magnetic field 
that surround- ‘he conductor with its 


.s subtraction of energy 
nuated current as soon 
made; the opposite ef- 


lines of force 
results in an 


as a connect! 

fect is observe when the current is in- 
terrupted. The  agnetic field, in which 
energy has beon stored, decays; this in- 
duces a curre hich diminishes gradu- 
ally, flowing ‘»:ough the conductor and 
compensating ~<actly for the extra cur- 
rent received n the circuit was opened. 
When direct «:rent is used, inductance 
occurs only in t^e instants when the elec- 
tron flow begins and when it ceases. When 


ıt is used, the phenome- 
ually, at each cycle. 


alternating ct 
non occurs c 


The pheno: n of inductance occurs 
in every circ but it can be increased 
by the struct f the circuit. If the cir- 
cuit is in the n of a solenoid, or if it 


ie MUTUAL INDUCTANCE OF TWO CIR- 
a S— Two loops are brought sufficiently 
fade together to ensure that the magnetic 
act associated with current in the first con- 
thon s affects the second conductor (Illustra- 
thr a). If a time-varying current passes 
ki ough the first conductor, the magnetic field 
urrounding the loop will also vary with time. 
Ape field is induced through the second 
ee also varies with time, and this in- 
sity se Current in the second coil. The inten- 
pee ae Magnetic flux associated with the 
of loop depends on the rate of variation 

' Current in the first circuit (so called even 


of electric circuits 


contains a ferromagnetic substance, then 
the energy stored in the magnetic field 
associated with the current is very large. 
In such a case, the inductance of the cir- 
cuit has quite different characteristics 
under alternating current than it has under 
direct current. Inductance is an important 
consideration in power circuits. It is also 
important in electronic circuits, even 
though very little power is used, 

In electric power circuits, the energy is 
transmitted by means of alternating cur- 
rents because they are readily trans- 
formed from low to high voltages, and 
vice versa. The insertion of machines 
with certain inductance characteristics 
into a network can cause the voltages to 
become out of phase with the currents 
from the generator, preventing power 
from being drawn from the circuit. If this 
happens, the network must be rephased 
with special equipment. The study of in- 
ductance characteristics is, therefore, very 
important in electrical engineering. 

In oscillating electronic circuits, the 
inductance (together with the capaci- 


though it consists of only a single coll) and 
on the geometrical arrangement of the two 
coils. The proportionality factor relating the 
intensity of the current in the primary circuit 
to the intensity of the current induced in the 
secondary circuit is called the mutual in- 
ductance of the two circuits. 

The mutual inductance of two circuits is 
measured in a unit called a henry (named 
for the American physicist Joseph Henry). Two 
circuits have a mutual inductance of one henry 
when a voltage of one volt is induced in one 
of the circuits by a current in the other circuit 
that varies at the rate of one ampere/sec. 


an important parameter 


tance) determines the value of the oscil- 
lation frequency. Even the wires con- 
necting various parts of a circuit (such 
as transistors, capacitors, and resistances ) 
have inductances of their own, which 
affect the inductances introduced into 
the circuit by the several components. 
For this reason the design of a circuit 
must consider the inductances of all com- 
ponents and the wires connecting them, 

Inductance effects must be considered 
in pulse circuits also, In the circuit for 
counting the pulses of a gamma radiation 
counter, for example, it is important that 
the pulses have a rectangular form. (The 
rectangular form of a pulse is mathemat- 
ically described by breaking it down by 
means of a Fourier series—developed by 
the French mathematician Jean Fourier— 
in which the high frequencies are those 
that give the perfect rectangular form.) 
However, these are the same frequencies 
that are most affected by the inductance 
of the circuit, and it is necessary that the 
circuit be designed to minimize induc- 
tion problems. 


Illustration 1b shows the back of a printed 
circuit—the side on which the connections 
are printed, This must be a low-frequency cir- 
cult because many wires run almost parallel 
for fairly long distances. In a high-frequency 
circuit, the mutual inductance between two 
wires close to each other leads to a consider- 
able transfer of energy from one wire to the 
other, thereby impairing the functioning of the 
circuit. In high-frequency circuits, the con- 
ductors are either screened with a metallic 
sleeve connected to the ground or they are 
arranged so that they run in an oblique direc- 
tion to one another. 
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SELF-INDUCTION — Induction also occurs 
when electrons begin to flow in a circuit, 
The first diagram (Illustration 2a) shows a 
large number of coils arranged in parallel 
to form a solenoid S$ and connected to a 
battery P. When the circuit is closed, the 
pointer of the ammeter A should be instan- 
taneously deflected, indicating the presence 
of a current in the circuit; in actual practice, 
the pointer rises very slowly and reaches this 
maximum value only after a certain time. When 
the current first enters the solenoid, it gen- 
erates a magnetic field that Opposes the cur- 
rent, Once the current has been established, 
the magnetic field no longer impedes the cur- 
rent, because it is generated only by a cur- 
tent whose intensity is changing. The current 


then must overcome only the resistance of 
the coil. The electromotive force that initially 
Opposes the passage of the current is called 
the self-induced electromotive force—that is, 
the electromotive force induced by the circuit 
itself. 

The coil shown in Illustration 2b serves as 
an inductance in a high-frequency circuit. It 
consists of several layers of conductor wind- 
ings that are glued together by insulating 
paint. Illustration 2b’ shows an inductance sys- 
tem for low-frequency circuits. It consists of 
a solenoid wound on an iron core, which in- 
creases the value of the inductance because 
it prevents the dispersion of the magnetic flux. 

If a circuit is to function as desired, re- 
sistances, inductances, and capacitances—the 


A CIRCUIT WITH INDUCTANCE AND RESIST- 
ANCE—When the circuit diagramed in Illus- 
tration 3a is closed, the current does not in- 
Stantaneously reach its maximum value as 
given by Ohm’s law. The differential equation 
that describes this circuit can be derived and 
solved to give the value of the current at any 
time. Let i denote the value of the current at 
any instant, L the value of the inductance, R 
the value of the resistance, t the time, and V 
the voltage of the generator; the current in- 
creases according to the law 


i = (1 — e-R"/L)V/R. 
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just as an in- 


istance. These 
unt, Illustration 


so-called concentrated c 
known. However, a resist 
capacitance and an induct 
ductor can have an ohm 
effects must be taken into 
2c shows a resistor that wire wound on 
a ceramic cylinder. The ding is in He 
shape of a solenoid, and it has a certain 
ductance. 

If the frequency used is low, no problem i 
Presented. If the frequency is high, on a 
other hand, a noninductive resistor is used, 
Illustration 2d is a diagram of such a res 
a double solenoid. In circuit diagram, this 
type of resistor is shown in Illustration 2e. 


Illustration 3b plots current strength ea 
function of time. The opposing current cea 
by the inductance decays exponentially. i 
time in which the self-induced current fal a 
1/e of its initial value is called the time C i 
stant of the circuit. This constant is ae 
t= L/R. When L = 1 henry and R = 1 ohm 
the time constant is 1 sec. x sy tubes 

Inductances are used in circuits with ‘ded 
and transistors, but they are usually S a 
in microcircuits because of the difficulty 
making them sufficiently small. 
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The study of ferromagnetic phenomena 
was initially limited to the study of al- 
loys most suitable to the construction of 
very soft magnetic laminates for trans- 
formers and generators. Such studies were 
subsequently extended to the preparation 
of materials for permanent magnets, mag- 
hetostrictive materials, and ferrites. The 
greater part of these applications were 
made by experimenting with a limited 
knowledge of the microscopic aspects of 
the phenomenon, providing an unsure 
guide to the properties of the matter 
involved, Permanent magnets, as well as 
electromagnets, are used to produce fields 
of considerable strength and constancy. 
A host of devices depend on them for op- 
eration. The best materials for this use 
are precipitation-hardened alloys with no 
essential carbon, Permanent magnets are 
used in loudspeakers, magnetos, many 
kinds of meters, and various telephone 
Teceivers, 
, T accompanying illustrations present 
nd explain some of the aspects of cur- 
Tent ferromagnetic theory. 
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SRROMAGNETISM | 


THE CURIE TEMPERATURE—Ferromagnetic 
substances are those displaying a strong re- 
sidual magnetization, even when they are sub- 
jected to the action of an external magnetic 
field that is subsequently annulled. 

A characteristic common to all ferromag- 
netic substances is that they completely lose 
the residual field when they are heated above 
a certain temperature known as the Curie 
temperature. This temperature, which depends 
on the substance, represents a limit above 
which the ferromagnetism disappears com- 
pletely and the substance becomes paramag- 
netic. Above the Curie point, the molecular 
forces responsible for ferromagnetism cease 
to exist. 

The existence of the Curie temperature 
neatly separates the domain of ferromagnetism 
from that of paramagnetism, suggesting some 
very important hypotheses for the theory of 
ferromagnetism. One of these hypotheses is 
that ferromagnetism is attributable to the 
presence of atoms within matter—atoms 
that are associated with elementary mag- 
netic dipoles. These magnetic dipoles become 
oriented under external action such as a mag- 
netic field. A certain amount of energy has 
to be expended to produce this orientation 
and the system of oriented magnetic elements 
becomes stable. This stability is produced 
by the presence of bonds that can be destroyed 
by a sufficiently energetic action, such as 
thermal action. Heat produces a vibration of 
the atoms within the substance. Once the 
vibrational energy associated with the heat 
content of the system exceeds a certain value, 
it is sufficient to break the bonds that held 
the atoms (or microscopic magnetic systems) 
in alignment. 

This illustration shows the significance of 
the Curie temperature T,. E, is the bond 
energy between the oriented magnetic sys- 
tems. As a first approximation, this may be 
regarded as being constant at the various 
temperatures. The red curve represents the 
increase of vibration energy of the atoms of 
the substance. When this vibration energy is 
more or less equal to the bond energy, it is 
possible for the bonds to break and the ferro- 
magnetic behavior of the substance to disap- 
pear. This hypothesis has been verified. 
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interpretation at the 
microscopic level 


THE WEISS FIELD—The bonds mentioned in 
the previous section arise from a quantum 
mechanical phenomenon known as exchange 
forces. The effect of these exchange forces is 
to cause a communication between the ele- 
mentary magnetic dipoles such that they all 
tend to line up in the same direction. The 
total effect on one particular dipole due to 
all the others is known as the Weiss field. 
For this particular dipole to move out of the 
common direction of alignment it has to over- 
come this Weiss field. The Curie temperature 
then is that temperature at which the vibra- 
tional energy becomes greater than the stabil- 
izing energy of the Weiss field. 

The observation of atoms arranged close to 
each other in a crystalline structure and, 
therefore, linked to each other (Illustration 2a) 
reveals that they can possess electrons in 
common, and that in most cases these shared 
electrons are found in external orbits (IIlustra- 
tion 2b). Although these external electrons 
actually belong to two different atoms, they 
are bound to the same system; according to 
the state of the atom, the spins of these 
electrons may be forced to change direction. 
For example, instead of being parallel, the 
electrons may arrange themselves in an anti- 
parallel manner. Such a change in orientation 
implies a change of energy. It is these elec- 
trons in external orbits that give rise to the 
elementary magnetic dipoles, and their rela- 
tive orientation determines the energy of the 
system. 
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verified experimentally. 
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THE SPONTANEOUS MAGNETIZATION OF 
VARIOUS SUBSTANCES — This illustration 
shows the spontaneous magnetization (blue 
column) of certain substances and the Curie 
temperature (orange column) of those same 
substances. The numbers on the vertical axis 
represent the Curie temperature in °K; the 
spontaneous magnetization is in arbitrary 
units. Although the saturation magnetization 
could be given at various temperatures, or 
for absolute zero alone, room temperature is 
usually employed for experimental Purposes, 
or occasionally a temperature close to abso- 
lute zero; the values at these two temperatures 
are normally not too dissimilar if the Curie 
temperature is well above room temperature 
(which is normally the case). 
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SPONTANEOUS MAGNETIZATION — If 
Weiss hypothesis is true, the Weiss field must 
produce a magnetization, even in the absence 
of an inducing magnetic field. Magnetization 
produced in this manner is called spontaneous 
magnetization. The intensity of this magnetiza- 
tion depends on the temperature and can be 


This illustration shows the ratio between 
spontaneous magnetization observed at vari- 
ous temperatures and the maximum value of 
this magnetization. The substance represented 
is nickel. The temperature varies from absolute 
zero to the Curie temperature, where magneti- 
zation disappears completely. Plotted points 
tepresent values determined by experiment; 
the continuous line is the theoretical curve, 
calculated on the basis of the Weiss hypothe- 
sis. The abscissa shows the ratio between 
the experimental temperature and the Curie 
temperature. Comparison of the line with the 
plotted points shows the close agreement 
T/T, between theory and observation. 
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The graph illustrates such an experiment, 

In the de Haas-van Alphen experiment, a rod 
of ferromagnetic material is suspended inside 
a solenoid by means of a thin wire. A very 
intense current can be ssed through the 
solenoid in either direction. Even the slightest 
action (which has the effect of rotating the 
rod) does not meet any iificant resistance, 
since the opposition of the thin wire to this 
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FERROMAGNETIC 
magnetic resonance and € 
nance are modern meth 
structure of matter and for 
analysis. Experiments si 
niques may be carried ou 
ferromagnetic phenomena 

A rotating magnetic field produced in @ 
solenoid by an alternating voltage of very high 
frequency—or by means of microwaves—cal 
cause the residual magnetic field of a piece 
of ferromagnetic substance to precess about 
the direction of a static field. If the frequency 
is varied, it can be observed that energy Is 
taken from the field when the precession of the 
Magnetic vector of the test piece undergoes 
a transition between two energy levels. 

The magnetic field vector of the ferromag- 
netic substance, under such conditions, be — 
haves similarly to a quantity whose magnitude 
can assume only specific energy levels. If the 
vector is excited to rotation by oscillation of j 


RESONANCE — Nuclear 
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the external field at radio frequency, It wi 
vary its own energy only when it has reached 
a threshold governed by the intensity of the 
magnetic field in which it is immersed and by 
the variations of that field. i 
Such an experiment, first carried out n 
1946, also highlights the importance of elec; 
tronic spin in ferromagnetism. the 
The illustration shows a test piece (in 
form of a thin lamina) within a variable fem 
Magnet, brought to the extremity of a wa 
guide for microwaves. Measurements ma r, 
with this apparatus show (with some variat A 
in values) the importance of electron spin 
the formation of residual fields in ferromad- 
netic substances. ion 
The table accompanying the illustre 
shows the ratio between the magnetic orbi 
moment and the spin moment for certain E 
stances. This ratio (represented by €) bi | 
found by means of the method describ | 
above. 


SUBSTANCE 

iron 

cobalt 

nickel 

magnetite, Fe. 

Heusler alloy, Cu..\in Al 

Permalloy, 78% Nì, 22% Fe 
Supermalloy, 79% Ni, 5% Mn, 16% Fe 


>a 
0.06-0.09 
0.11 
0.1 
0.1 
0.005 
0.04-0.07 
0.06-0.10 / 


movement is very small. The slight resistance 
to rotation is similar to that met in the sus- 
pension of a galvanometer. 

A strong current is passed through the sole- 
noid; its direction of flow is then inverted, re- 
sulting in a rotation of the rod. 

A variant of this experiment is to suspend 
the rod by a means more resistant to rotation, 
in order to impart an angular acceleration to 
the bar's rotation about its vertical axis. Such 
a configuration would permit observation of 
the current induced in the solenoid. 

The theory relating to the de Haas-van Al- 
phen arrangement is complex. It is sufficient 
to note that by means of the deflection of the 
light beam reflected by the mirror S attached 
to thé rod, the amount of contribution to ferro- 
magnetism obtained from the electrons revolv- 
ing in their orbits (rather than from their spin) 
may be deduced. The predominant contribu- 
tion is that due to the spin of the electrons; 
that due to their movement in orbit is almost 
zero and amounts to no more than about 
5 percent of the ferromagnetism resulting from 
their spin. This value is even less in alloys 
with pronounced ferromagnetic properties. 
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The theories of ferromagnetic phenomena 
that occur at the microscopic level have 
reached a high degree of perfection and 
are now being used to prepare substances 
with particular properties for practical 
applications. 

Both theory and experiment have iden- 
tified materials with varying degrees of 
permeability or coercive force, a product 
of physics research in the field of the 
solid state applied to the interpretation 
of ferromagnetic phenomena. 

A typical example of this research and 
application is alnico V, a material used 
for permanent magnets that allows them 
to lift several hundred times their own 
weight of iron. Alnico V was developed 
only after a precise interpretive theory 
of ferromagnetism was formulated, and 
after techniques for the preparation of 
certain materials and alloys were per- 
fected. Similar efforts preceded the de- 
velopment of magnetic materials of very 
high permeability, such as Permalloy. 
These ferromagnetic materials are essen- 
tial parts of the machines of modern civ- 
ilization; for example, electric motors 
and generators, transformers, telephones, 
loudspeakers, and ultrasonic transducers, 
In addition, ferromagnetic materials are 
used in geophysical prospecting; the 
method measures the magnetic effects 
produced by varying concentrations of 
ferromagnetic materials, 

The accompanying illustrations present 
what has been termed the theory of fer- 
tromagnetic domains without attempting 
to explain the characteristics of these do- 
mains, their dynamics under magnetiza- 
tion, or their dynamics in the absence of 
an external field. 

In studying the illustrations, it should 
be understood that there are microscopic 
phenomena by which a substance can 
become ferromagnetic and exhibit a per- 
manent field; and that it is possible for 
this to occur when the electronic spins of 
the atoms become oriented. Such an un- 
derstanding, however, does not entirely 
satisfy a complete theory of ferromagne- 
tism. Such a theory must also be capable 
of explaining the existence of high per- 
meability—or of a high coercive field—in 
certain substances, Explanation of these 
characteristics may be found at an inter- 
mediate level, between the atomic level 
and crystallographic level, as shown in 
the illustrations. 


THE FERROMAGNETIC DOMAINS—If a body 
of ferromagnetic material having a residual 
field is examined, it can be observed that the 
value of the intensity of this field is much less 
than that that could be obtained by subjecting 
the same body of material to the action of an 
external field. This means that the elementary 
fields originating from such processes as the 
orientation of the electron spins (under Pauli’s 
principle) will not have the same intensity 
under ordinary conditions as they would have 
within the influence of an external field. The 
problem of explaining this difference in in- 
tensity is complicated by a law under which 
the internal field augments as the intensity of 
the external field increases. 

Explanation of these phenomena can begin 
with the following hypotheses: 

Below the Curie temperature, a ferromag- 
netic substance can be considered as being 
formed of small portions, called domains. 
These are spontaneously magnetized and, 
therefore, have a magnetic moment. 

The total magnetic moment of the substance 
is equal to the vector sum of all the individual 
magnetic moments. 

An example of the foregoing is provided in 
Illustration 1a, which shows four such domains 
within a crystal. These domains are oriented 
in opposed pairs in such a way as to annul 
the overall field. At a distance, this crystal 
does not seem to possess a permanent field. 

In Illustration 1b a polycrystal is repre- 
sented. Its domains are not bounded by the 
same limits as its component crystals, but are 
practically independent of them. The magneti- 
zation within each domain has a random orien- 
tation. The total residual magnetization, taken 
over the polycrystal as a whole, is nil, or of 
very small value. If, however, the domains be- 
come oriented in a particular direction, the 
same polycrystal would have a permanent re- 
sidual field. It follows that an interpretation 
of this phenomenon of orientation must in- 
clude an explanation of the particular force 
revealed by the plotting of a magnetization 
curve such as that shown in Illustration 3. 
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In Illustration 2b the monocrystal has been 
subjected to the action of an external field H, 
with a consequent alteration of its microscopl¢ 
magnetic state. The domain on the left has e 
tended its boundaries toward the right an 
expanded at the expense of the other three 
domains. The domains on the top and bottom 
have decreased in size, but to the same a 
tent, since they have remained oriented f 
parallel and opposite directions; their con 
bined field is still zero. The domain on ' i 
right has also become smaller and its ao 
has become negligible in comparison Wi a 
the domain on the left. These new boundarie' 
will remain after the inducing field is remove 
and the specimen will remain magnet oh 

In Illustration 2c a permanent magnetiza i 
has been created without movement of ‘a 
domain boundaries. The presence of the ai 
ducing field H has not influenced the ot f 
tions of the two domains oriented parallel 
it; however, the other two domains have osl- 
partially oriented by that field. The supe 
tion of the two top and bottom magnet etl 
thus gives a residual field that is di nas 
from zero. This phenomenon is called 
netization by rotation of the domains. 
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and the saturation region. 

The four diagrams on the right of the illus- 
tration show what happens within the ferro- 
magnetic substance. 

In the initial (bottom) region of the curve, 
magnetization is the result of displacement of 
the domain boundaries. This displacement 
leads to a magnetization that has the charac- 
teristic of being reversible. When the inducing 
field is removed, the demagnetization curve 
will be almost exactly the same as the mag- 
netization curve. 

In the central region of the curve, magneti- 
zation is the result of an irreversible displace- 
ment of the domain boundaries. The dimen- 
sions of the domains grow as the intensity of 
the inducing field increases. The domains will 


vetization by rotation 


‘sible displacement 
nain boundaries 


reversible displacement 
of domain boundaries 


eventually reach a size where—for crystallo- 
graphic reasons—they are prevented from 
further growth, but a rotation of the directions 
of their magnetization can still occur, produc- 
ing an increase in the total magnetization. 
This last effect is modest when compared with 
the others and magnetization of the sub- 
stance in the saturation region increases only 
slightly, as shown by the flatter curve in this 
region. 

Because of the irreversibility of the proc- 
esses occurring in the central and saturation 
regions, demagnetization (decreasing the mag- 
netic field or applying one in the opposite 
direction) will occur along a different curve 
than that shown for magnetization. This phe- 
nomenon is known as hysteresis. 
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THE OBSERVATION OF FERROMAGNETIC 
DOMAINS—The observation of domains within 
ferromagnetic substances is based on the use 
of magnetic powder (magnetite) ground so fine 
as to form a colloidal suspension. The surface 
of a ferromagnetic crystal is first smoothed 
and then covered with this substance so that 
a thin layer of powder will adhere to the crys- 
tal, The grains of magnetite concentrate in the 
vicinity of the domain boundaries, making it 
possible to observe these boundaries with the 
aid of a low-power optical microscope. 

Illustration 4a shows a section of such a 
crystal, covered with the colloid, The grains 
of magnetite are seen as they arrange in the 
vicinities of the poles. The difference in col- 
oration apparent to an observer is a result of 
this orientation of the grains from the hori- 
zontal to vertical position. 

In Illustration 4b the same effect is shown, 
this time with the assistance of polarized light. 
The light is sensitive to the orientations of the 
grains, assisting definition of their position. 
The light-colored areas correspond to one 
position of the grains; the dark areas corre- 
spond to the opposite position. The sequence 
of pictures in Illustration 4b demonstrates the 
growth of dark areas at the expense of the 
light areas, corresponding to the displacement 
of domain boundaries in the substance ob- 
served. 

Such observations permit the interpretation 
and prediction of characteristics of various 
materials. For example, the production of a 
material with high permeability would re- 
quire that the domain boundaries be mobile 
and that they not encounter obstacles to their 
Movement, Obstacles could result from crys- 


THE ENERGY BALANCE OF THE DOMAINS— 
Any understanding of crystalline domains is 
incomplete unless their important energy char- 
acteristic is considered. 

Illustration 5a represents a monocrystal of 
ferromagnetic material that has been mag- 
netized to saturation by an external field. It 
has become a magnet, and the flux lines of its 
field are demonstrated in the figure. The en- 
ergy of the magnetic field in this situation is 
very high; if two domains were formed with 
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talline defects, impurities, vacancies, or from 
interstitial atoms. Furthermore, the crystalline 
grains of a highly permeable substance must 
be as large as possible so that the grain 
boundaries are few and far removed from the 
domain boundaries. Substances such as pure 
iron or wrought iron are very permeable. Such 
substances cannot have a strong residual field 
because their domain boundaries are mobile 
and easily magnetized, permitting mobility in 
the opposite sense to that of magnetization; 
they lose their residual field as easily as they 
can be magnetized. This characteristic is a 
desirable property in the laminations used in 
transformers. 

To produce a substance with a high coer- 
cive force, it is necessary to ensure that the 
domain boundaries within that substance find 
it difficult to move. Various methods are used 


their fields antiparallel (parallel and Opposite), 
as shown in Illustration 5b, a reduction of 
energy would take place. The Process can, 
therefore, occur spontaneously. 

It is possible to have an even finer sub- 
division, such as shown in Illustration 5c. 
When this occurs a considerable further de- 
crease of total energy takes place. 

The formation of even more fractionated do- 
mains, such as those arranged in Illustration 
5d, permits even further diminution of energy 
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THE MOVEMENTS OF 
ELECTRONS IN METALS 
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how electrons ==» be extracted from mat- 
ter, and how can be made to move 
at will. 

CONDUCTO!:)} AND INSULATORS 
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THE STRUCTURE OF SPINEL—Each sphere 
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A METAL SECTION—In a crystal of tungsten, 
about one electron per atom remains free to 


electric current is a 
flow of electrons 


move about anywhere within the crystal. This 
characteristic is common to all metals. 


The situation is quite different in the 
crystal of a conductor such as metal. In 
Illustration 2, which shows the crystalline 
structure of tungsten, the brown spheres 
represent the atoms of the metal. Illus- 
tration 3 shows how these atoms are ar- 
ranged in space: they occur at the cor- 
ners of a cube with an additional atom 
at the center. If a crystal of tungsten 
were cut along a plane parallel to one of 
the faces of the cube, the atoms at the 
corners of the cube could be seen, as 
well as, on a somewhat lower plane, the 
atom at the center of the cube. 

The important point is that not all the 
electrons of each atom remain bound to 
the atom when this crystal lattice is 
formed. Approximately one electron per 
atom remains free to move about the 
crystal lattice. This is why Illustration 2 
shows electrons (blue figures) placed 
between the atoms and moving about in 
the interstices of the crystal. This image 
is not perfect from a theoretical point of 
view, but it does give an idea of how the 
electrons are arranged inside a metallic 


crystal. 


HOW ELECTRONS BEHAVE 
INSIDE A METAL 


Since there are freely moving electrons 


inside a piece of metal, the next question 
is: what are their movements? If no elec- 
tric field disturbs them, these electrons 
will find themselves in a random equilib- 
rium inside the crystal; in other words, 
they will not have a preferred direction 
of movement. However, under ordinary 
temperature it can be seen that the atoms 
are not perfectly at rest in their positions, 
as shown in Illustration 2. Rather, they 
oscillate about their positions, and each 
moves in a different direction and at a 
SS 


THE LATTICE OF A TUNGSTEN CRYSTAL— 
The atoms of tungsten are arranged at the 
corners of a cube, with an additional atom 
at the center. 
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metal. 


THE THERMAL AND ELECTRIC 
CONDUCTIVITY OF METALS 


If one face of a metallic crystal is heated, 
the atoms that form this face (or are close 
to it) are put into a state of agitation. 
The vibration of these atoms is then trans- 
mitted to their neighbors, 

In a metallic crystal, the electrons that 
are free to move will act as a means of 
rapidly propagating the heat. They will 
receive impacts from the fast atoms and 
will then transmit this impact to the atoms 
that are still moving slowly. The possibil- 
ity of the heat’s being conducted thus de- 
pends on the presence of free electrons in 
the crystal, which, incidentally, explains 
why metals have good thermal conduc- 
tivity. 

If a difference of electric potential is 
applied to the opposite face of a crystal, 
the electrons are attracted to the positive 
pole and repelled by the negative one. 
These electrons or, more precisely, a small 
number of them, will move from one pole 
to the other. They will enter one of the 

two conductors that connect them to the 
voltage generator; they will flow through 
this conductor and then retum to the 
piece of metal through the other conduc- 
tor (Illustration 4), 
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THE “SURFACE BARRIER” 
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THE SPEED ELECTRONS 
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THE SPEED DISTRIBUTION OF THE ELEC- 
TRONS WITHIN A METALLIC SOLID—The 
curve becomes wider at high temperatures. 


speeds, although there is a limit. Very fast 
electrons are almost nonexistent. At low 
temperatures the curve will be restricted 
b, but it will grow wider when the tem- 
perature rises C, 

This means that some electrons can es- 
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THORIUM-PLATED TUNGSTEN—A tungsten 
filament is covered with a layer of thorium 
oxide and a monoatomic layer of thorium so 
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ment. The emission of electrons is easily 
increased, The surface of the tungsten 
filament need only be covered with a ma- 
terial that has a readily overcome surface 
barrier. This simple procedure makes it 
possible to construct a filament that will 
emit a large number of electrons, even at 
rather low temperatures. Thorium, a use- 
ful material for this procedure, can be 
applied to the tungsten in the form of an 
oxide mixed with some carbon; then the 
filament is heated to about 2,800°C 
(5,072° F). At this temperature the car- 
bon reduces a monoatomic surface layer 
of oxide to pure metallic thorium, and 
this layer of thorium permits a copious 
escape of electrons (Illustration 9). An- 
other system that permits a rich emission 
of electrons consists of nickel filaments 
covered with oxides of strontium and 
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that It can emit electrons profusely and even 
at low temperatures. 


cape from the piece of metal if the tem- 
perature is raised sufficiently. Since the 
surface barrier varies from metal to 
metal, the temperature needed to cause 
the electrons to escape also varies from 
one metal to another. 


THE EMITTERS OF ELECTRONS 


To obtain the emission of electrons from 
a piece of tungsten, the metal must be 
heated to at least 1,000°C (1,832° F). 
The most commonly used tungsten is a 
wire brought to an even higher tempera- 
ture, almost 2,000°C (3,632° F). Tung- 
sten as an emitter of electrons is used in 
vacuum tubes that operate at a high volt- 
age. Since the vacuum is never quite per- 
fect, some gas is always present in these 
tubes. When the molecules of this gas are 
struck by the electrons emitted by the 
filament, they become ions that strike the 
flament with considerable energy and 
eventually ruin its surface. Tungsten is 
one of the materials that have the great- 
est resistance to this kind of bombard- 


barium. 

Two other systems consist of (1) using 
a filament heated by the passage of an 
electric current, and (2) causing a metal- 
lic surface to be heated by a filament. 
Two types of these emitters of electrons 
are shown in Illustrations 10c and 10d. 
These are used as sources of electrons in 
vacuum tubes, x-ray tubes, electron mi- 
croscopes, and particle accelerators. 
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ELECTRON EMISSION—The metallic surface 
of a filament (which can have various shapes 
c, d, a, b) becomes a source of electrons when 
it is heated, 
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THE ELECTROSTATIC FIELD 


The electron is one of the basic constitu- 
ents of all matter. In modern electron 
theory, matter is made up of atoms that 
consist mainly of negative particles (elec- 
trons), positive particles (protons), and 
neutral particles (neutrons). Before sci- 
entists knew that electric current was a 
flow of electrons, they defined the direc- 
tion of current as the direction of imagin- 
ary positive charges, and this convention 
is still used today. 

Electrostatics, the branch of physics 
that deals with phenomena due to attrac- 
tions or repulsions of electric charges, is 
believed to have been studied as early as 
600 B.c. Indeed, the term electricity comes 
from the amber rod used in those experi- 
ments in ancient Greece. 

In a normal atom, the charges of the 
electrons and protons balance, so that 
when an electron leaves the atom, the 
atom becomes positively charged; if an 
electron is added, the atom becomes neg- 
atively charged. When these charges in- 
teract, an electrostatic field results in 
which bodies attract or repel one an- 
other. This attraction or repulsion is par- 
ticularly noticeable with small, light- 
weight bodies such as cork and paper, 
a Se EE a ae 
ELECTROSTATIC ATTRACTION—When a glass 
rod is rubbed vigorously with wool, it will at- 
tract other light bodies (pieces of Paper, for 
example). 
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TWO TYPES OF ELECTRICITY 


Several simple experiments can be per- 
formed to demonstrate the electrostatic 
field. For example, an ebonite tod rubbed 
with wool will attract a small ball of 


the Peregrinations 
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2a 
2b 
TWO TYPES OF ELECTRICITY—An ebonite with the rod it is repelled. A glass rod Wil 


rod rubbed with wool attracts a small ball of now attract the wool bai 
wool, but when this ball comes into contact 


EFFECTS OF RUBBING—When a glass rod with wool, the outermost electrons be! 
(disordered atoms on left) is rubbed vigorously tached and pass onto the wool ball. 
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When the roù and ball make contact, 
Some electrons «ve transferred back from 
the ebonite rod to the wool. Around the 
point of contact, both materials may be- 
Come negatively charged and the two 
bodies are then seen to repel each other. 
This is a basic law of electrostatics. Bod- 
les with the same kind of charge repel 
each other, while bodies with unlike 
charges attract, 

An instrument often used to detect the 
Presence of electric charges is the electro- 
Scope. It consists of two thin foil strips of 
gold or aluminum protected by an in- 
et container. Glass windows make 
le to observe the inside of the 
: Toscope. The foil strips connect to 

metal rod that passes through a glass 
or plastic stopper. 
ae ae metal rod is touched with a 
fro ged body, the two foils move away 

m each other because they are charged 


contacts an electrically charged body. In 
time, the foil strips lose their charge (imper- 


alike. This separation continues to in- 
crease as the charge increases (Illustra- 
tion 3b). Thus, the electroscope can be 
used to measure charge quantitatively as 
well as merely detect electric charges. As 
can be seen, the foil strips come together 
when they lose their electric charge. 


INSULATING AND CONDUCTING 
MATERIALS 


By touching the rod of a charged electro- 
scope with a piece of grounded copper 
wire, it can be seen that the foil strips 
immediately lose their charge and come 
together. The reason is that the electric 
charges pass through the copper wire and 
disperse into the ground. On the other 
hand, touching the rod with grounded 
glass or plastic will not cause the foils 
to come together because these nonmetal 
materials are nonconductors. 

These actions by metals and nonmetals 
permit a certain classification of materials 
as either conducting or insulating. Metals, 
alloys, solutions of acids or bases, and 
salt solutions are conductors of electric 
charges. Substances such as amber, glass, 
porcelain, paraffin, or plastic are consid- 
ered insulators since they do not trans- 
mit electric charge. 

When the ebonite rod was rubbed with 
wool, for example, the electric charges 
remained at that spot. In a metal rod, 
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fect insulation) and return to their original 
position. 
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these charges would have immediately 
diffused over the entire surface and been 
conducted through the body of the per- 
son holding it. In the electroscope, the 
air in the container acts as a partial in- 
sulator but a weak one. In time, the 
charges leak away and the two foil strips 
unite (lose their charge). 

A good conductor contains a large num- 
ber of free electrons; that is, electrons 
that revolve in orbits far outside the nu- 
cleus and are only weakly attracted to it. 
Such free electrons are very limited in 
substances considered insulators, and 
any transfer of charges becomes most dif- 
ficult. 


COULOMB’S LAW 


The charge in a body is usually desig- 
nated by coulombs (Q) and is deter- 
mined by the difference (positive or neg- 
ative) between the number of electrons 
and protons. In the torsion balance (Tllus- 
tration 5), a small sphere attached to the 
suspended bar carries a charge of Qi 
while the body p at the other end of the 
bar acts as a counterweight. When a sec- 
ond sphere is placed about 10 cm (about 
0.4 in.) from the first one, the charge Qu 
is repelled by Q» (the charges are alike). 
This action of the spheres twists the 
quartz thread with an amount of torsion 
proportional to the force exerted on it. 
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COULOMB'S LAW— The charges Q, and Q, 
attract with a force that can be measured by 
means of the torsion in the suspending thread 
F, This force becomes four times greater if 
the distance between the two charges is 
halved, and twice as great if charge Q, is 
doubled. 


OO 

When a knob (M in Illustration 5) is 
used to twist the thread, the amount of 
torsion in the opposite direction (4° in 
the illustration) returns the bar to its 
original position. By placing the charge 
Q closer to Q; (at 5 cm), a 16° rotation 
is needed to maintain the original bar po- 
sition; doubling the charge Q, requires a 


counterrotation of 32°. This can be sum- 
marized by the formula: 


F-K% 
r 


which gives the force exerted between 
two charges Q, and Qə at a distance r 
from each other. This force is propor- 
tional to the charges, and if one is dou- 
bled the force will also be doubled. The 
term K depends on the properties of the 
space through which the electrostatic 
force is being exerted. It can be taken as 
1 in the case of empty space, or a vacuum. 


THE FIELD OF FORCE 


The presence of a charged body modifies 
the electrical state of the surrounding 
space. A charge q placed at any point in 
space is subject to a force F that can be 
calculated with Coulomb's law. The 
charge q is a “test charge” and is normally 
taken to be quite small. In general, if a 
6 
TRAJECTORY AND LINE OF FORCE—A small 


charge Q placed in the field of force of another 
charge Qo of opposite sign will be attracted 


test charge becomes subject to a force f 
an electric field exists at that point, 
This definition indicates that the elec. 
tric field is totally independent of the 
test charge, which merely verifies that 
it exists, Moreover, it is necessary to dis- 
tinguish between the force exerted and 
the intensity of the electric field set 
by the charge. A test charge placed in an 
electric field is attracted or repelled with 
a force F; the intensity E is then given by 
E=F/gq. Because intensity E is a vector 
it can only be completely defined when 
its direction and magnitude are known, 
A test charge Q placed in the electric 
field set up by a chargeQ, and distributed 
over the surface of a sphere will be at 
tracted if the charges are of opposite 
(Illustration 6), The trajectory of the 
charge is called the line of force and is | 
used to determine the direction of 
electric field at a point in space, the vi 
of the force F being known at any point 
from Coulomb’s law. 


by this second charge in a direction defined 
by the lines of force 
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NOIDS AND 
“ROMAGNETISM | 


ferromagnetic substances behave, the 
general nature of magnetic fields, the 
forces exerted by magnets, and even how 
to permanently magnetize a piece of 
steel. All that is needed is some copper 
wire and a few pieces of iron and steel. 
Tron filings can be obtained by filing a 


and thus show the pattern of even very weak 
magnetic fields. The filings, if examined micro- 
scopically, have an elongated shape, and will 
arrange themselves along their lengths in the 
direction of the lines of force of a magnetic 
field. The photograph of a sheet of paper with 
some iron filings on it shows the peculiar pat- 
tern of the lines of force produced by a mag- 
net held underneath the paper. 


iron rods and 
copper wires 


soft iron ingot. Other equipment for ex- 
periments with magnets and magnetic 
circuits includes a compass, a cork, a 
cardboard cylinder, a length of cotton 
thread, several sheets of paper, and flash- 
light batteries. The following illustrations 
explain their use. 


THE NEEDLE OF A COMPASS—The presence 
of a magnetic field is indicated with even 
greater sensitivity by a magnetic needle such 
as that of a compass. A fairly small compass, 
about the size of the one shown in Illustration 
2a, is recommended, The needle is oriented by 
the Earth’s magnetic field; if other magnetic 
fields exist near the compass, their presence 
will be indicated by a slight displacement of 
the needle from the north. 

To discover the presence of a magnetic 
field, the compass is placed on a surface and 
a permanent magnet (representing an extra 
magnetic field) is brought within range of the 
compass. The needle, at first oriented toward 
the north, is deflected because of the attrac- 
tion of the nearby magnet (Illustration 2b). 
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THE MAGNETIC FIELD OF SOLENOIDS—A 
solenoid is a coil of wire through which an 
electrical current is flowing. It can be made 
easily by attaching some insulated copper 
wire to one end of a cardboard cylinder, tying 
it with a piece of cotton thread, then winding 
it around the cylinder in parallel turns until the 
entire surface is covered (with several layers, 
if desired). The other end of the wire is at- 
tached to the other end of the cylinder. Sole- 
noids are classified according to the number of 
turns per unit length, and also according to 
diameter. These photographs show iron filings 
revealing two patterns of magnetic fields, a 
very long and narrow solenoid (Illustration 4a) 
and a very wide and flat one (Illustration 4b). 
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OTHER MAGNETIC INDICATORS—Although a 
compass needle is more sensitive than iron 
filings (with the disadvantage that it does not 
show directly the patterns of the lines of force 
of a magnetic field), its size makes it difficult 
to explore spaces around the equipment. 

A variant of the compass, based on the 
same principle but making possible more ac- 
curate measurements, can be made by sus- 
pending a thin magnetized needle from a very 
thin glass fiber (Illustration 3a). The more 
slender the fiber, the more sensitive the capa- 
bility of detecting magnetic fields. The needle 
is attached to the fiber by a drop of glue, and 
is then suspended from a light wooden tripod 
that is brought close to whatever equipment 
is to be tested, 

Another sensitive indicator of magnetic fields 
is made by placing a magnetic needle—a com- 
pass needle or a permanently magnetized 
piece of steel wire—on a piece of cork just 
large enough to hold it, and then floating the 
cork on water in a container (Illustration 3b). 
In this case the magnetic field will not only 
orient the floating needle, but will also attract 
it, causing it to touch the wall of the con- 
tainer; the resulting friction reduces its sensi- 
tivity in orienting itself according to the lines 
of force. 


ELECTROMAGNETS AND REINFORCED re 
—A simple electromagnet can be made one 
a solenoid into which some iron bars Fi 
been inserted; such a solenoid (hee 
5a), once it has been supplied with ane aa 
cal current, will attract small iron an ienold 
objects placed near its poles. If the S ae 
is filled with iron wire (Illustration Sk, ma 
erts greater force; the iron reinforces ti Certain 
netic flux produced by the current. If a 4 
current flowing in the coil can lift a p! 


MAGNETIZING AN OBJECT—One way to mag- 
netize an object, such as a piece of steel, is 
by rubbing it. Another way is by the induction 
of a solenoid. A straight piece of steel rod, 
about 1 mm (about 0.04 in.) in diameter, can 
be permanently magnetized by first covering 
it with a thin layer of paper, then winding 
several layers of copper wire around it in such 
a way that each turn is perfectly perpendicular 
to the axis of the rod. If a current of about 1 
ampere is passed briefly through the copper 
coil, the rod will be permanently magnetized 
in the direction of its length. 


ELIMINATING A MAGNETIC FIELD—Many ex- 
periments must be carried out in the absence 
of disturbing magnetic fields. The magnetic 
field of the Earth itself can be a disturbance. 
It can be eliminated by using a pair of sole- 
noids (called Helmholtz coils), constructed as 
shown in the illustration. The solenoids will 
produce a magnetic field, the direction of 
which is parallel to their axis. The current pass- 
ing through the coils must be varied until a 
magnetic field is produced of the same magni- 
tude as that of the Earth, but acting in the 
opposite direction; this can be done by regulat- 
ing the flow of the current. The terrestrial mag- 
netic field is not always oriented in a horizontal 
direction, and therefore the coils must be kept 
inclined if the Earth's magnetic field is to be 
eliminated. The elimination of the Earth’s mag- 
netic field is manifested when a compass 
needle, placed in the space between the coils, 
remains in neutral equilibrium—that is, does 
not become oriented in any particular direction 


CURRENT FOR SOLENOIDS AND ELECTRO- 
MAGNETS—For the simple experiments just 
described, batteries will supply the rather mod- 
erate voltage necessary for an electromagnet. 
A 1.5-volt battery of the kind commonly used 


ml sovabing 20 g to a certain height, the same 
currant wire and the same iron, using the same 
het a en be used to make an electromagnet 
Bs ie ift a heavier piece of iron. This can 
in the j by bending the iron of the solenoid 
aaen of a horseshoe (like the familiar 
Ionto ie Magnet) and attracting the piece of 
coil e lifted by the opposite poles of the 

- By so doing, the experimenter will find 


that the lifti 
n i = 
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but, if shaken, comes to rest in a random direc- 
tion, oscillating very slightly. 


in a flashlight will supply a current of about 
400 milliamperes (0.1 ampere); stronger cur- 
rents can be obtained by arranging several of 
these batteries in parallel, as shown, or by 
using an accumulator. 


ELECTROSTATIC POTENTIAL |: 


Studying the forces exerted by one elec- 
trical charge on another, that is, deter- 
mining whether a charge is attracted or 
repelled, is relatively simple from the 
point of view of electrostatics. However, 
to solve complex problems in science and 
technology, it is necessary to know, for 
example, the force exerted on a charge by 
an entire surface that is not only electri- 
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FORCE AND POTENTIAL ENERGY—The con- 
cept of potential is derived by analogy from 
the concept of potential energy in relation to 
work. If a weight of 1 kg is placed at a series 
of heights 1 m apart above the ground, up to, 
say, 20 m, and the weight is made to drop, dif- 
ferent magnitudes of work will be obtained, de- 
pending on the level from which the weight is 
dropped (Illustration 1a). The quantity of work 
P is calculated by multiplying the weight p 
by the height h: P = p x h. 

If the space above the surface is divided 
into horizontal planes 1 m apart, by dropping 
the weight from each of these, different mag- 
nitudes of work are obtained. These Positions 
can also be identified with different magni- 
tudes of potential energy, which are trans- 
formed into work as soon as the weight is 
allowed to fall. The same reasoning applies, 
by analogy, to electrical charges acting ac- 
cording to Coulomb’s law of electrostatics, 
which states that the force varies directly with 
the product of the magnitude of the charges, 
and inversely with the squares of the distance 
between the charges, If the distribution of 
electrical charges in space is known, it is 
Possible to calculate, by mathematical rela- 
tionships, the form and Position of surfaces 
of equal potential. Each such Surface corre- 
sponds to the same Magnitude of potential 
energy and, therefore, to the same magnitude 
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cally charged, but nonuniformly charged 
as well. Among phenomena governed by 
forces exerted on charged particles by an 
electrical field are the motion of a proton 
expelled from the sun and approaching 
the Earth; the motion of an electron in a 
particle accelerator; the motion of ions in 
an electrical discharge between the in- 
sulators of a high-tension line; and the 


of obtainable work. 

On the basis of lines defining these surfaces 
of equal potential, it is possible to deduce the 
forces that will act on a charge moving 
through the space in question. In the field 
of gravitational forces described previously, 
for example, surfaces of equal potential are 
represented by planes parallel to the surface 
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Was POTENTIAL AROUND A SPHERE—If 
5 ulomb's law is applied to two electrons in 
ante it is apparent that the electrical force 
Bie intense if the charges are close to- 
Gaa but weak if they are far apart. A po- 
on o a charge can be measured, at any 
that Be Me by defining the magnitude of work 
Cha eee to be performed against the 
ie A field generated by the charge to 
en tom that point to a distance where 
Ne ciprocal forces are negligible in magni- 
ee is, to infinity. 

S fan a charge in space is plotted 
pE a ield is mapped around it, the paral- 
those a srdietant surfaces corresponding to 
ee eton 1 will take the form of 
aver hee spheres around the charge; how- 

» these spheres, although concentric, will 


DIRICHLET'S PROBLEM—It is not too difficult 
to calculate the form of the equipotential sur- 
faces that surround electrical point charges. 
However, when the field generated by a more 
complex distribution of charges—when, for 
example, it includes extensive surfaces, each 
of which can be artificially brought to a sult- 
able potentiali—the problem becomes more 
complicated. An example is the situation in- 
side an electron multiplier tube, where a large 
number of curved platelets are located, each 
given a suitable potential by means of a 
voltage generator. When an electron collides 
violently with one surface a, it will knock out 
three or four other electrons that are intended 
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to collide with the next plate b. It Is, therefore, 
necessary for the potential surfaces between 
the two plates to have a suitable shape, and 
once this is known, it Is possible to determine 
the most suitable form for the plates. The 
shape of the potential surfaces between a pair 
of plates can be calculated mathematically or 
by using mechanical models. The problem of 
determining the form of the potential field 
when the values of the potential at certain 
boundary points of the area are known is 
described as Dirichlet's problem, so called 
after the German mathematician, Peter Gustav 
Lejeune Dirichlet, who first formulated a law 
concerning harmonic functions with prescribed 
boundary lines. 

A second case of an electrostatic potential 
problem also exists, in which flows of current 
at the boundaries of the field (as in an electro- 
lytic cell) are known. In this case, the calcula- 
tion is more complex; it is described as Neu- 
mann’s problem, so called after the German 
mathematician and physicist Franz Ernst Neu- 
mann, who solved it and who also provided 
the mathematical formulation of the laws of 
electromagnetic induction. 


not be equidistant, but will increase in their 
distance from one another as they are fur- 
ther from the center. If a certain magnitude 
of energy (1 erg, for example) is to be released 
by bringing together two unlike charges, the 
distance between them must be reduced by 
2 cm if one of the charges was originally on 
surface 4, by 1 cm if it was on surface 3, and 
by 0.5 cm if it was on surface 2. This is the 
basis for calculating the force, according to 
the laws of electrostatics: if the force is less 
intense, the charge must be moved to a greater 
distance. The equipotential surfaces are closer 
to one another where the force is more in- 
tense, and smaller displacement will perform 
the same magnitude of work because it will 
release the same magnitude of potential en- 


ergy. 
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THE POTENTIAL OF THE ELECTRIC DIPOLE 
—After establishing the analogy between the 
gravitational and electrostatic fields, it is in- 
structive to imagine the graphic transformation 
of an electrostatic field into a gravitational 
field. In Illustration 2 it was shown how a 
charge opposite to that constituting the source 
of the potential is attracted to that source, 
descending from the larger (outer) spheres 
toward the smaller ones, The concept of de- 
scent or falling Is proper for the gravitational 
field; it may be used, by analogy, to describe 
the electrostatic fields, as if they were relief 
surfaces. The equipotential surfaces of an 
electrostatic field, formed by particles with 
unlike charges and value, are shown in section 
in Illustration 4a and in stereogram, as contour 
lines on a relief surface, in Illustration 4b. If 
a positive unit charge were placed in this 
field, in order to examine the effects of the 
field, and if this charge were assumed to be 
a small, freely moving ball, it would fall Straight 
into the chasm that represents a negative 
charge and would naturally avoid the peak 
that represents a positive charge with a much 
smaller magnitude than the negative charge, 
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here is to eve the potential found be- 
tween the elec of a triode vacuum tube, 
by using the lectric analog computer. 
The first step iving this extremely com- 
plex problem compare it to the rather 
simple proble determining the potential 
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parallel to an posite each other; one of 


the plates ha: potential, while the other 
has been brow ) a potential of 10 V (volts). 
The illustrati arly shows that the po- 
tential betwee iwo plates forms a simple 
grid of para) snd equidistant lines. This 
solution can t ıslly obtained by using the 
most element ws of electrostatics. 

In Illustrati a charged sphere (in sec- 
tion) is set a e point in space. The lines 


of equal pote \round this sphere take the 
form of conc circles and can be found 
through elem y electrostatic calculations. 

The simple lə (Illustration 1c) offers a 
more comple» blem. The triode consists of 
an elongated thode at the center, a grid 
formed of verica! wires surrounding the cath- 
ode, and a piate (or anode) with a perfectly 


cylindrical shape. The problem is to find out 


PREPARING THE EXPERIMENT — The appa- 
ratus illustrated can be used in cases where 
the grid has a positive potential with respect 
to the cathode. To extend the measurements 
to an experiment where the grid potential is 
Negative, direct current rather than alternating 
Current must be used. 

The objective is to know the nature of the 
electric field between the cathode and the 
Plate of a triode when these electrodes, for 
example, are brought to the following voltages: 
cathode 0 V, plate 200 V, grid 5 V. It does 
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an application of the 
analog computer 


the movement of the electrons within this 
triode when, after being emitted by the cath- 
ode, the electrons are attracted by the plate 
and repelled by the grid. The first thing that 
must be known is the distribution of the po- 
tential within the space between the plate and 
the cathode. With the help of a rheo-electric 
bath, this problem can be solved. 

No matter at what height a horizontal cut 
is made through the triode in Illustration 1c, 
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not matter if the conditions chosen for a first, 
easy experiment are not very realistic. In the 
bath a model of the plate, the cathode, and 
the grid simulating the real triode are con- 
structed; it is not even necessary that the 
potential applied to the electrodes be identical 
to the real one, for it will be sufficient if the 
values chosen are proportional to the real 
ential. 
a make the best possible use of the bath's 
area, the plate is extended over the entire 
width of the bath and reaches almost to the 


b 


the same section and the same situation 
(Illustration 1d) is always obtained as far as 
the electric field is concerned (as long as 
the cut is not too close to the top or bottom 
of the triode). Therefore, the problem can be 
solved by studying what happens to the elec- 
tric field when certain voltages are applied 
to the electrodes C, G, and A arranged as 
shown in the rectangular bath V. 


cathode 


sides (Illustration 2a). The electrodes of the 
grid must be connected to one another. 

The necessary connections are shown. Be- 
tween the plate and the cathode, 20 volts are 
applied; between the cathode and the wires 
of the grid, 0.5 volts. Illustration 2b shows the 
wiring diagram of the measuring equipment; 
the terminals of the bridge and the various 
electrodes must be connected as indicated. 
The probe will then be displaced in such a 
way as to effect the measurements at all the 
points within the bath. 
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ELECTROSTATIC 


PHENOMENA 


MATERIALS—Some of the materials used in 
an electrostatic experiment are shown here. 
Rods and sheets with good insulating proper- 
ties are used. These properties may have been 
reduced during manufacture, but they may be 
tested by rubbing the rod or sheet with woolen 
cloth or fur and then holding the rod or sheet 
close to small pieces of tissue paper, dry cot- 
ton fiber, or very fine sulfur powder; if these 
materials are attracted by the rod or sheet, the 
material is suitable for experimental use. 


ee 


Static electricity is the term used for the 
phenomena that occur between electrons 
located on charged bodies; the phenom- 
ena result from the position or grouping 
of the charged bodies, rather than from 
their movement, The study of these phe- 
nomena constitutes a branch of physics 
known as electrostatics. The phenomena 
themselves are of great importarice in in- 
dustrial processes, Their study is useful 
for the more general study of electricity, 
A few elementary experiments are ex- 
tremely instructive, Although these ex- 
periments are by no means spectacular, 
they are sometimes difficult to carry out. 


ITEMS FOR THE EXPERIMENTS 


Experiments in electrostatics consist in 
demonstrating the presence of electric 
charges on the surface of bodies gener- 
ally described as nonconductors or in- 
sulators, because the protons and elec- 
trons of their atoms are so arranged that 
it is difficult for a flow of electrons (elec- 
tricity) to take place within the body. 
Common substances of this kind are glass, 
sulfur, amber, celluloid, and ebonite. 

Such materials are used in electrostatic 
experiments, in the form of rods or sheets, 
but only in conditions of perfect purity; 
their insulating capacity diminishes with 
the slightest trace of impurity, even a 
trace invisible to the eye. A glass rod held 
in a perspiring hand no longer has in- 
sulating properties. Thus precautions 
must be taken to maintain the cleanliness 
of nonconductors used in these experi- 
ments; they must be handled with gloves 
or other protective material. 

Other nonconductors include plastics, 
such as polyethylene and polyvinyl chlo- 
ride, which are also obtainable as rods or 
sheets. When manufactured in the form 
of continuous sheets, these materials 
sometimes become contaminated running 
through the machinery, or electrostati. 
cally charged as they rub against the vari- 
ous rollers and supports, and this must be 
taken into account when they are used 
in electrostatic experiments. When poly- 
ethylene is used for packing bags, in fact, 
the presence of electrostatic charges pre- 
vents the automatic handling of the ma- 


EXPERIMENTS INVOLVING THE HUMAN BODY 
—lf a sheet of polyethylene or polyvinyl chlo- 
ride is rubbed with dry wool or fur, becoming 
highly charged with static electricity, and is 
then brought close to the head or the back of 
the hand, the hair will stand up. The same 
thing happens when a celluloid comb is used 
on very clean and dry hair on a windy day, as 
shown in the Photograph. Another interesting 
experiment involves taking off a dry wool or 
silk garment. A characteristic crackling will be 
heard, and if this is done in the dark, violet 
flashes will appear. These are the results of 
charges that have accumulated on the garment 
and are now being discharged in small quanti- 
ties; the luminosity results from the ionization 
Produced during these discharges, 


experiments with charged bodies 


terial and interrupts the continuity of { 
process. Substances capable of cond 
ing electricity are sometimes spread 
the surface of these plastic sheets to 
vent an excessive accumulation of elec 
charges; but these substances are not ui 
able for use in electrostatic experiment 
tion. 
When two objects made of differen 
materials are rubbed together to produc 
static electricity, electrons move from 
surface of one to the surface of the other 
The object that gives up electrons be 
comes positively charged, because it then 
has more positive than negative charges, 
and the object that gains electrons be- 
comes negatively charged. A common 
example is the transfer of electrons from 
the hair to the comb, charging the comb 
negatively and the hair positively. 


THE CONSTRUCTION OF A PENDULUM—A 
significant test is provided by the use of an 
electrostatic pendulum, a light body suspended 
by a thin length of insulating thread. A body 
with even a very small charge will elther al 
tract or repel this pendulum. The thread can 
be made of silk, or a thin fiber of some other 
insulating material; it is suspended from any 
suitable stand. The pendulum may be a pith 
ball, a plastic with good insulating properties 
such as polystyrene, or even cotton; it must be 
light if it is to be sensitive to weak electrical 
charges. 


NERATED BY ELECTRO- 
A—A sheet of plastic ma- 
sulating property, rubbed 
in the hand, will produce 
strong enough to disturb 
shortwave band between 
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10 and 13 m. 7 nonstrate this, the rubbed 
plastic must be near the receiver, which 
must be sensi! ind tuned to these wave- 
lengths. 

SUBSTANCI \ODUCING 
OCCASION‘ ATIC EFFECTS 
Some substan ave electrostatic prop- 
erties only w they are dry and must 
be kept in ironment of low hu- 
midity to dey such properties. Wool, 
which is one « ‘se substances, becomes 


an excellent n 
can attain a v 


onductor in dry air and 
v high density of surface 


charge, It is, therefore, suitable for inter- 
esting experiments, and is especially suit- 
able when it is desired to obtain free 


electrical charges by rubbing. Cotton or 
isolated fibers of cellulose can also de- 
velop considerable insulating properties. 
Among textiles, however, the best non- 
conductor is natural silk, which is used in 
mony, experiments and even in electro- 
static devices when such a nonconductor 
2 required, The textile fibers in plastic 
(eee are also excellent nonconduc- 
Segal in electrostatic experiments; 
these materials have sometimes been 
oe by special treatments that en- 
ble them to absorb dyes or moisture or 
sn them a pleasing texture; in such 
ee materials like these are unsuitable 
xperimentation. 


LIQUIDS AND CONDUCTORS 


Liquids can also be used in electrostatic 
experimentation. Oils, for example, are 
excellent nonconductors; when sprayed 
in the air, the droplets provide perfect 
insulation and are used in electrostatic 
experimentation. When the American 
physicist Robert Andrews Millikan estab- 
lished the electrical charge of the elec- 
tron, he began his experiment in this 
manner. 

Many liquids, however, are conductors. 
Very pure water is a nonconductor, but 
it readily dissolves many salts and gases 
and in this condition it loses its noncon- 
ductivity. Even pure water placed in a 
glass vessel will immediately dissolve 
enough material from the walls of the 
container to make it a conductor, al- 
though only to a slight degree. 

Mercury, like other metals, is an excel- 
lent conductor. Drops of mercury in equi- 
librium on a glass surface, however, can- 
not discharge because the charges on the 
surface of the drops cannot pass to the 
insulator and from the insulator to the 
ground. Similarly, metal disks can be 
made that are capable of being charged 
electrostatically only when they are held 
by handles made from such nonconduc- 
tors as polyethylene, ebonite, glass, or 
amber. 


ENVIRONMENTAL 
PRECAUTIONS 


A physicist highly skilled in conducting 
and demonstrating electrostatic experi- 
ments once conducted an experiment be- 
fore a qualified audience and failed to 
obtain satisfactory results even though 
all previous experiments of the type had 
been successful. The large number of 
people in the audience had so humidified 
the air that the materials used in the ex- 
periment had lost some of their insulat- 
ing properties. Care must be taken, there- 
fore, to maintain a low relative humid- 
ity wherever electrostatic experiments are 
to be made. 

Humidity may vary from day to day 
within the same city, depending usually 
on wind direction. Coastal cities usu- 


ally have greater average humidity than 
inland cities; those at low altitudes are 
usually more humid than those at high 
elevations. 

Relative humidity is usually reduced 
in the winter by heating a room, unless 
an open flame is used or water is allowed 
to evaporate within the room. In general, 
electrostatic experiments require a rela- 
tively dry atmosphere—less than 55 per- 
cent relative humidity. 


MEASURING CHARGES AND FORCES—A 
pendulum can be used to measure the Intensity 
of electrostatic forces, if these are sufficiently 
Intense. The weight p of the pendulum must be 
known with great accuracy. The horizontal 
force F needed to deflect the pendulum 
through an angle 8, may be calculated from 
F =p tan 8. The angle of deflection of the 
pendulum can then be measured. 

A more accurate and more sensitive method 
of making this measurement involves the use 
of a torsion balance. A thin glass fiber is sus- 
pended from a stand similar to that used for 
the pendulum, and is then stretched tight. It 
supports a horizontal wooden arm with a 
diameter of about 2 mm (about 0.08 in.), pref- 
erably made of balsa or some other light 
wood, A light sphere, such as that used for 
the pendulum, Is attached to one end of the 
arm, and a counterweight to the other end. 
Another stand is needed so that the charged 
bodies may be brought close to the sphere by 
means of a horizontal arm. These charges will 
make the arm deflect through an angle that is 
proportional to the force exerted by the 
charged body on the arm of the balance. A 
torsion balance thus made is rather difficult 
to calibrate, however, and must be limited to 
such tasks as measuring the reduction In the 
attractive force exerted by a body while it is 
becoming discharged. In this case the charge 
will dissipate as a small electrical current 
passing through the stand, and this current 
can be measured. 
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ELECTRIC CAPACITANCE 
AND CAPACITORS 


Man’s ability to create and harness an 
electric current began with the discovery 
that positive and negative charges exist. 
Like charges repel each other; unlike 
charges attract each other. This knowl- 
edge led to an understanding of the phe- 
nomenon called electrostatic induction 
and consequently to a large number of 
applications and techniques. 

All conductors can be charged. In the 
simplest terms, this means introducing 
electric charges—electrons—into a body 
or subtracting them from it. In the first 
instance, the result is a negative charge; 
in the second, the body will be positively 
charged, since removing negative charges 
is the same as adding positive ones. How 
many positive or negative charges can 
be packed into a body? When electrons 
are introduced in order to create a nega- 
tive charge, it is not possible to continue 
adding electrons indefinitely, or even to 
the point where the electrons are 
crowded so close together that no more 
space is left. The limit is reached much 
sooner. 

One electron repels another in a void 
or inside a single body such as a metal 
sphere. If the sphere is electrically neu- 
tral, it contains equal numbers of positive 
charges and electrons and is in a state of 
equilibrium, If one electron is added, the 
sphere is negatively charged and is in a 
condition to repel other negative charges. 
If more electrons are added, these new 
charges will remain attached to the 
sphere while repelling each other and 
will tend to settle as far from each other 
as possible. If a second electron is placed 
on the sphere, the two will settle at the 
antipodes, or at places directly opposite 
each other. When a third electron is 
added, the three electrons will remain on 
the maximum circumference of the 
sphere at an angle of 120° to each other; 
four will be arranged at the vertices of 
a tetrahedron inscribed in the sphere, 
and so on. A large number of additional 
electrons will distribute themselves in 
such a manner that their density per unit 
of surface is everywhere equal. 

On the surface of any metal body, a 
force field exists that tends to retain nega- 
tive charges, so that the electrons do not 
escape into the space surrounding the 
metal unless their number becomes ex- 
cessive. Interesting things occur when 
the amount of charge on the conductor 


is very large. When such a conductor is 
placed in a vacuum, its electrons are pro- 
jected outward by forces of repulsion 
that are set up between them. When this 
conductor is placed in air (or in any 
other gas), it attracts the free ions that 
normally exist in the air with such force 
that they collide with neutral air mole- 
cules as they approach the conductor, 
ionizing them and creating a continuous 
multiplication of ions. The result is an 
electric discharge, a spark. 


THE COLOSSAL FORCES OF 
ATTRACTION AND REPULSION 


Coulomb's formula gives the force with 
which electric charges attract or repel 
each other. Even a very small charge is 
sufficient to obtain remarkable forces of 
attraction or repulsion. If, for example, 
all the electrons present in a gram atom 
of hydrogen (about 11 liters, or about 
671 cubic in., of diatomic gas under nor- 


————— 
THE CAPACITANCE OF A SPHERE—Taking 
the radius of a sphere into account, it is pos- 
sible to calculate the potential that the sphere 
will attain when charged. The formula express- 
ing the relation between the potential and the 
radius states that the potential is inversely 
Proportional to the radius: 


q 
Aneor’ 


when V is the potential attained, q the elec- 
tric charge, and eo a constant called the per- 
mittivity of the vacuum (its dielectric constant). 
The capacitance of a conductor is equal to 
the ratio between the charge introduced and 
the potential attained. In the case of a sphere 
(Illustration 1a), the capacitance C is given by 
the formula: C = 4meor, which means that the 
larger the radius of the sphere, the larger the 
Capacitance. 
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mi to 620 mi), the forces would increase 
to more than 1.000 tons. At 1 km, the 
force would be one billion tons (the 


weight of a kilometer of water). 
At 1m (abou! ft), the force of attrac- 
tion would be quadrillion tons. Thus, 
it becomes ol + vus that such a charge, 
or even the c) ʻe contained in a single 
gram of hydr could not be collected 
in a metal cor or of small dimensions. 
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duced into : itral metal conductor, 
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and shape. 
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If the condi: or consists of a flat plate, 
there is a larte decrease of potential. 
In such a cas, when a second flat con- 


ductor is brought close to the first plate, 
the effect is more pronounced than when 
two spherical conductors are placed close 
together; the decrease in potential is 
much greater, 

An arrangement of two similar flat 
metal plates is used in a device which 
used to be called a condenser. Two flat 
metal plates in close proximity were 
thought to condense the electric charge 
that is introduced, producing a potential 
lower than that produced by one isolated 
plate, The name “condenser,” however, 
s inappropriate; the charge is not con- 
a but is simply unable to create 

electric field it would under other 
Conditions, The name used today for such 
or is “capacitor,” because the de- 
vice possesses a high capacitance and 
88 constructed precisely for this purpose. 


THE CAPACITANCE OF A CAPACITOR—A 
flat capacitor consists of two parallel metal 
plates close together. Its capacitance depends 
on the area of the two plates, their distance 
from each other, and the dielectric constant 
of the material placed between them. The 
larger the dielectric constant, the greater the 
capacitance. In fact, when other geometrical 
conditions are equal, a high dielectric con- 
stant lowers the value of the field and of the 
potential, thus increasing the capacitance. 
The capacitance is given in the formula: 
D 
C= KA 

when A is the surface area of the plate, K the 
dielectric constant of the interposed material, 
and D the distance between the plates. If A 
is measured in square meters and D in meters, 
C will be expressed in farads. 
St 


Many kinds of capacitors are used in 
electric circuits. 

The unit of electric capacitance is 
called a farad, in honor of the English 
physicist Michael Faraday, a pioneer in 
the study of electrical phenomena. One 
farad has a potential of one volt when 
charged with one coulomb. This capaci- 
tance is so exceptionally high that it has 
never been used in any electric circuit. 
A capacitor with such a capacitance 
would be able to hold a charge contain- 
ing all the electrons in a gram of hydro- 
gen, attaining a potential of almost 
100,000 volts, 

An imaginary 1-farad capacitor would 
consist of two square plates at a distance 
of 1 mm (about .04 in.) from each other 
with a surface area of 110 km? (about 42 
mi*). In practice, much smaller capaci- 
tances are used, such as the microfarad 
(a millionth of a farad) and the picofarad 
or micro-microfarad (a millionth of a 
millionth of a farad), 


A CAPACITOR IN AIR—In radio circuits, varl- 
able capacitors are often used to tune the 
circuit that receives radio waves on different 
frequencies. These capacitors are made of 
plates that can be rotated to face each other 
over larger or smaller areas,-thus producing a 
variation In capacitance, 
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ELECTROLYTIC CAPACITORS—When a Ca 
pacitor is used in a circui 
(positive or negative) 


a capacitor (Illustration 5a), the liquid Is one 
electrode and the metal is the second, while 
the oxide is the dielectric. The film of oxide 
is only a few thousandths of a millimeter in 
thickness and the two electrodes are thus 
very close and the dielectric constant very 
high. A 3-volt capacitor with a capacity of 
10,000 microfarads may be no larger than a 
man’s fist. 

These high-capacitance electrolytic capac- 
itors (Illustration 5b) are connected to the 
power supply in accordance with their polar 
ity. Otherwise, a reverse current is obtained 
which results in the destruction of the oxide 
film and the consequent loss of function. 


a 


PAPER CAPACITORS—When high capaci- and high-resistance capacitors are, therefore, 
tances (those tanging from a picofarad to a larger than those with the same Capacitance 
microfarad) are required, the paper system but a lower resistance. The increased thick- 
(Illustration 4a) is used, Two thin aluminum ness of the dielectric between the metal sheets 
Strips, separated by two slightly thicker strips increases the volume of the Capacitor. 
of paper to ensure there is no contact be- 
tween the strips of aluminum, are rolled up. 
The capacitor thus formed is enclosed in a 
container saturated in an Insulating material, 
such as polyester, epoxide, acrylic resins, or 
paraffin (Illustration 4b). Illustration 4c shows 
several types of capacitors with different ca- 
pacitances and different maximum resistances 
to the amount of current with which they can 
be charged. Too high a current would Produce 
a discharge that could perforate the dielectric 
and thus render the capacitor useless. Sub- 
stances with a high dielectric constant are 
also good insulators and make it Possible to 
produce high-resistance capacitors. The thick- 
ness of the dielectric is an important factor, 
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The microscopic structure of a con- 
ductor has been compared to a kind of 
Sponge made up of immobile positive 
charges and mobile electrons that move 
from one part of the body to another. 
The positive charges consist of atoms 
that have been stripped of one or more 
electrons, 

In dielectrics, all electrons are gener- 
ally bound to the nucleus in such a way 
that the atom is complete and neutral. 
The electrons become detached only 
under exceptional circumstances. This 
fundamental distinction between con- 
ductors and dielectrics provides the basis 
for an understanding of the electrical 
Phenomenon known as induction. 


are more or 
case of alter 
the dielectric « 
ing to the fre 
current. Some 


A CONDUCTOR BODY—lllustration 1a shows 
the internal structure of a conductor, which 
consists of atoms arranged regularly to form 
a kind of grid. Each atom has lost an electron, 
leaving the atoms positively charged. Free 
electrons are in neutral equilibrium; they do 
not reattach themselves to any ion and are 
fairly equally distributed among the positive 
ions. If they were to accumulate in a particu- 
lar area of the body, an excess of negative 
charges would occur at that point; these 
charges would tend to move away from each 
other because of the repulsion forces that 
exist between like charges. 

If a positive electric charge were brought 
close to this body (Illustration 1b), all the elec- 
trons, instead of remaining evenly distributed, 


a 


would be attracted to the positive charge. The 
opposite side of the body, left without elec- 
trons, would appear to be positively charged. 

Although it is not always possible to find a 
mechanical equivalent for electric phenomena, 
a fairly accurate mechanical analogy illus- 
trates the composition of a conductor. Imagine 
that a plece of conductor material, such as a 
metal, resembles a loaded oll tanker (Illustra- 
tion 1c). When the ship rolls, the liquid moves 
toward the low side of the ship. As the ship 
returns to an even keel and rolls to the other 
side, the liquid follows the direction of roll. 
As the liquid is free to move within the hull 
of a tanker, electrons are similarly free to 
move inside a conductor when they are at- 
tracted by an exterior electric field. 


b 
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DIELECTRICS—Substances whose atoms and 
molecules do not easily release their electrons 
are known as dielectrics. In this respect they 
differ from conductors, which are usually 
metals in which electrons move fairly freely. 
An important distinction exists with regard to 


INDUCED CHARGES—in studying electric 
phenomena, it is usually necessary to create 
an electric field, An electric charge introduced 
into a certain area of space will attract oppo- 
site charges and repel like charges. To obtain 
a uniform electric field in which the forces at 
any point in the space are equal and parallel, 
two flat metal plates are Placed parallel to, 
and at a set distance from, each other (Ilus- 
tration 3a). The plates are connected to a 
Source of electricity that will keep one posi- 
tively charged and the other negatively 
charged. In the experiments shown here, the 
plates can be connected to the opposite poles 
of a battery and then disconnected. Further 
experiments may require the plates to be per- 
manently attached to a generator of current. 
The arrows leading from one Plate to the 
other represent the force lines of the electric 
field. In this experiment, if an undisturbed 


the arrangement of the positive and negative 
charges of the atoms and molecules in dielec- 
trics. An atom such as that shown in Illustra- 
tion 2a has a positively charged nucleus, 
while the negative charges—the electrons— 
rotate around the nucleus, forming an elec- 


+t+tt+t+ 


tronic cloud, shown here as a violet halo. w 
electrons are normally distributed symm 
cally around the nucleus, causing the Ha 
of gravity of the positive charges to coinci o 
with that of the negative charges. Atoms 

this kind, and molecules having the same 


cq 


_ 
properties, are as nonpolar atoms or || SEPARATION OF CHARGES—Here, as in Il- comes positively charged and the other nega- 
molecules. lustration 3, a conductor is introduced be- tively charged. If the spheres are separated 
Other molecu! t in which the centers | | tween two electrically charged plates and from each other, they will remain charged, one 
of gravity of the e and negative charges || becomes charged. This time the conductor positively, the other negatively. They are said 
do not coincic jer normal conditions, || consists of two metal spheres, initially in con- to have been permanently charged by induc- 
such molecules they contain an equal | | tact but easily separable. The spheres have tion. 
number of posi negative charges, be- | | insulated handles. One of the spheres be- 
have as if they lectric dipoles—bodies 
made up of twc ite charges at a certain 
distance from yer (Illustration 2b). 
If a nonpola sule or atom is placed 
in an electric fic h as between two oppo- 
site electric ch he positive charges are 
attracted towarc xternal negative charge, 
while the nega harges are attracted in 
the opposite n, toward the external 
positive charg) nonpolar molecule has 
become polar, t will become nonpolar 
again when th nal field is removed. Il- 
lustration 2c si ow the electronic cloud 
becomes disto hen the atom is placed 
in an electric fi 
A polar mo! or a polarized nonpolar 
one) placed ir ctric field will orient it- 
self, turning u! center of gravity of the 
negative charc closer to the positive 
charges that nerating the field. How- 
ever, as Illus 2d shows, no molecule 
changes its Ic and the internal charges 
make only a r le movement. 
Using the o ər analogy, this time with 
Its liquid ided into a number of 
adjacent comp nts (Illustration 2e), when 
the ship rolls quid in each compartment 
shifts toward ide of the roll. There is 


still a slight ıl movement of the liquid 
toward one sic the vessel, but the move- 
ment is not < sat as it would be if the 


liquid were cc ied in a single large com- 
partment. In tt nalogy, as in that for con- 
ductors, the li corresponds to the elec- 
trons in the m . 


refied gas exists between the rection because their poles are oppositely 
viafearine field will fat undergo any change charged to those of the plates facing them. 2 
and will remain as shown in the illustration. Inside the slab, the electric field created by 
If a rectangular slab of a conductor material, the two charged surfaces of the conductor 
such as a piece of copper, is introduced be- slab will cancel the effect of the field Pant 
tween the two plates without touching them, the charges on the plates connected to the 
for a very short time—about a hundred mil- opposite poles of the battery. s . 
lionth of a second—the free electrons in the The presence of the conti Le 
slab will be affected by the force of attraction pletely cancelled the initial electric , ce 
or repulsion of the electric field between the cept in the narrow space bevyeer eee P a 
two plates. As might be expected, the free and the side of the conductor sla aono 
electrons inside the conductor body become (Illustration 3d). The effect of nro jue ing a 
concentrated on the side of the slab facing conductor body into an electric fie i i pro- 
the positive plate (Illustration 3c). Conse- duced a movement and separation Gin argae 
quently, no negative charges will remain on as well as a cancellation of the ua n the 
the opposite side of the slab, which will be area occupied by the body. This phencmen ens 
positively charged. The charges on the two known as Induction, lasts as long a esol 
opposite faces of the slab will, in their turn, ductor remains in the inductor Meld. nen 
produce an electric field like the one between the conductor is removed, It “sind ney ral 
the two plates, but acting in the opposite di- again because its electrons redistribute, 
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THE DIELECTRIC 


CONSTANT 


Important as they are, electric conduc 
tors would be of lithe use were it not for 
thelr opposites, insulators, whose value 
lies in the fact that they are poor con 
ductors of 


sometimes called dielectrics 


electricity. Insulators are 
and their 
behavior is expressed in terms of a num 
ber: the dielectric constant 

An electric charge in a vacuum greu 
erstes an electric feld capable of exert 
ing forces on any other charges placed 
nearby. These forces, in fact, extend in 
finitely but they become virtually imper 
When a 


conductor is placed in a space wher 


ceptible within a short distance 


electric forces are being generated by 


charges, the feld has the effect of dis 
placing the charges in the conductor 


J 


A DIELECTRIC IN AN ELECTRIC PELO 
isirslion | shows what happens in a deleo 
iio when it is placed in an electric feid. The 
Beid ls genersied by two metai plates con 
nected io è beliery. One of the pistes be 
comes positive and the other negative, and 
an etectric Held is set up between them. Then 
the motecies which contain positive or nege 
fre charges, twin (offering greater or lees re 
weterce depending on how strongly they a 
attached io each other inside the substance) 
te ee up sccording to the force fines of the 
eectie feid This is the phenomenon of ori 
entation The motecuvies heve been shown at 
Oves in which the centers of gravity of the 
Sienie charges have been separated, the 
powtve charges to the righ, the negative 
ores to the lef, Mest, each molecule taces 
he one nesi io i, presenting its oppositely 
Charged Wide, bo Wat the positively charged 
wee of one molecute feces the negatively 
Charged Wide of the nast in he way, provided 


a number that defines 
electric behavior 


The charges in the conductor become 
arranged on its surface so that the net 


field inside the conductor is zero. When 


ical 


a dielectric is placed in an ide 
space, the result is quite different, as 
shown in MMlustration 1 

tric the electric charges re 


main close to the individual atoms or 


In a di 


molecules and are thus subject to polar 
ization. When polarized, the charges in 
the molecules of a substance move in the 
vicinity of the molecules according to 
the law of the attraction of opposites 
and the molecules create a dipole in 
which th 


is a separation between the 


centers of positive and negative charges 


This means that certain molecules be 
come elongated or change their position 


the field is homogeneous, the average effect 
of the electric charges created by the polariza- 
ton of the molecules inside the dielectric is 
nl, On the ernal fac however, there will 
be charges opposite to those on the plates 
that produce the field into which the dielectric 
has been placed. in titustration ta, an electric 
feid is set up by placing two metal plates face 
to face. If a vacuum exists between the pla! 
the foid will be established without interfer- 
ence. Neat, è dielectric is placed quickly be 
tween the two plates. For a brief instant 
nothing at all happens. The force lines of the 
feild remain unimpeded (Illustration 1b). Very 
soon the electric dipoles of the molecules ot 
he Gielectric become oriented and cancel 
Sach other internally, On the surfaces, how 
ever, two layers of charges, oppositely charged 
io those on the plates they are facing, a 
formed, a8 shown in Mustration te These 
two layers of induced charges produce an 
Sectric Meld, weaker than the one that has 


until their charge 
direction of the fic 
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The electr E, in the dielectric 


erence between the 


k equal to t 
the external charges 


fed produc 


aod the field e surfaces of the di- 
electric, Tex electric field is di- 
rectly propor to the strength of the 
charge, it car ritten 
E - la La, 
‘ G 6 
« represent »portion between the 
electric feld the strength of the 
charge that | «s it. The strength of 
the charge 1 on the faces of the 
dielectric d: both on the strength 
of the field on the nature of the 
dielectric. T 1 be expressed by the 
formula, 6, , meaning that the 
strength of t irge is proportional to 
the Geld E t duces it. x is the elec- 
trie suscept of the dielectric and 
depends on naterial of which it is 
mada; the | its value, the smaller 
the feld ne to produce a high in- 
duced char The above relationship 
between fie! d strength of charge can 
thus be expressed purely in terms of E, 
t and x. The frst is a known quantity, 
the Beld; the second is a known constant, 
bs tho third, which depends on the 
material chosen 
Therefore 
4 n 
F r3 XE, 
ated so 
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The expression (1 + x) is normally indi- 
tated by x; thus 


E 
LA 

* i called the relative dielectric com 
ant (relative to a vacuum) of the di- 
theetric, which varies from one dielec- 
trie to another 

The word constant in dielectric com 
Mont is imprecise. This value is, in fact, 


a function of the temperature and 
strength of the Beld. Further, its value is 
determined in the case of a constant elec- 
tric field. If the field is variable or alter 
nating, the value of x varies. In solids 
such as glass, when the temperature and 
intensity of the electric Beld are held 
fixed, the dielectric constant is constant 
whatever the direction of the electric 
field inside the glass, In a crystal of com- 
plex structure, however, its value will 
depend on the direction in which the 
slab was cut before being inserted be- 
tween the plates to induce the field. In 
general, nine numbers are needed to de- 
fine the dielectric constant. 

The following table gives the value of 
the dielectric constant for some com- 
monly used substances: 
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MEASUREMENT OF 


SMALL CURRENTS 


Galvanometers—instruments used to 
measure small electric currents—have 
been used in the discovery of many im- 
portant scientific phenomena in the past 
century. They are still widely used in sci- 
entific work. Today, they have been so 
refined that some can measure currents 
of less than a ten-billionth of an ampere. 
Not all galvanometers are as sensitive as 
this, but regardless of their sensitivity, 


SETTING UP A GALVANOMETER—A galva- 
nometer must be set up in a perfectly vertical 
position because the moving part of a galva- 
nometer (usually a wire coil) must rotate in 
the space between the poles of the perma- 
nent magnet and the cylindrical block of iron 
used to create a magnetic field around the 
coil parallel to it. Therefore, only a perfectly 
vertical suspension of the coil can ensure that 
it will rotate freely and touch neither the poles 
nor the cylindrical block. 

The first step in setting up the galvanome- 
ter is called plumbing the instrument (or 
“centering the bubble” because many galva- 
nometers are equipped with bubble tubes to 
center on the vertical more easily). The first 
stage of plumbing the instrument consists of 
adjusting the leveling screws of the instru- 
ment until the coil can rotate freely. 

After the screws have been adjusted, the 
Instrument should be firmly based so that the 
indicating system will not oscillate because of 
an unstable galvanometer mounting. 

1 


they are delicate instruments that must 
be operated with great care. Because the 
galvanometer is a complicated and deli- 
cate instrument that may yield measure- 
ment errors due to the many difficulties 
inherent in its construction, the study of 
its use can serve as a guide to the possi- 
ble sources of error in other scientific 
instruments. 

In its common form, the galvanometer 


THE LIGHTING SYSTEM—The lighting system 
of a galvanometer consists of a stand that 
holds both a graduated scale made of ground 
glass and a light for the scele. The light and 
the scale must be placed exactly 1 m (3.28 ft) 
away from the small mirror of the galvanome- 
ter and in the position shown in this illustra- 
tion. The exactness of the distance is impor- 
tant because the distance determines the 
calibration of the instrument. 
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simple devices for 
obtaining great accuracy 


consists of a light coil of wire suspended 
between the poles of a permanent mag- 
net by means of a copper or gold ribbon 
a few thousandths of an inch wide and 
less than a thousandth thick, A mirror, 
mounted on the coil, serves as an optical 
pointer by reflecting a light beam onto a 
fixed scale. When current is conducted 
to the coil, the reaction with the radial 
magnetic field causes the coil to rotate. 


The final adjustments to the lighting system 
should be carried out in the dark, or at least In 
dim light. The galvanometer light is set up so 
that the beam of light will fall onto the small 
mirror attached to the coil. The light, the 
scale, and the mirror must be arranged 80 
that the image of the filament of the lamp 
will be at the center of the scale after having 
been reflected by the mirror under zero cur 
rent conditions. 


a 


that on the right. Therefore, the voltage ob- 
tained from the terminals of the low value re- 
sistor will be one tenth the voltage of the bat- 
tery (1.5 V) or approximately 0.15 V. Since the 
galvanometer being calibrated is sensitive to 
voltages on the order of one ten-thousandth 
of a volt or less, resistances that vary more 
widely between themselves must be used to 
obtain a much lower voltage. 

Illustration 3b shows two resistors connected 
according to the diagram in Illustration 3a. 
One resistor has a resistance of one megohm 
(1 x 10° ohms); the second has a resistance 
of only 100 ohms. The free ends of these two 
resistors have been soldered to battery ter- 
minals and two conductors have been soldered 
to the ends of the 100-ohm resistor. The volt- 
age obtained from the terminals of the 100- 
ohm resistor will be 


100 
7,000,000 + 100 


times the voltage of the battery, or approxi- 
mately 0.00015 V. 

Obviously, the accuracy of the value ob- 
tained for the voltage depends to a great ex- 
tent on the accuracy to which the values for 
the resistances are known. If a resistor of low 


accuracy—for example, one whose value is 
specified as +10 percent—is used, its exact 
value should be measured. Also, a new battery 
should be used, as the voltage of an old bat- 
tery may fluctuate. 


LOW VOLTAGES—In or- 
h galvanometer charac- 
əsistance, scale factor, 
ale, sources capable of 
ent of very low voltage 


are necessary. Such a source may be built by 
connecting in series a single-cell battery and 
two resistors, one with a high value and one 
with a low, as shown in Illustration 3a. In this 
case the resistance on the left is nine times 


GENERATING V‘ 
der to determin 
teristics as inter 
and linearity of | 
supplying direct 
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Ty AND INTERNAL RESISTANCE 
tity a GALYANOMETER TRA the sensi- 
ah nA internal resistance of a galvanometer 
H measured, a voltage commensurate 
tar pia measuring abilities of the galvanome- 
arava ine established. Using the circult 
drouk r lustration 3, connect one end of the 
Then ak one terminal of the galvanometer. 
the Krle the room has been darkened and 
aha or switched on, the two remaining 
maths of the circuit are connected. There 
Ay (yt posene responses of the galvanom- 
is the i e pointer of the galvanometer (which 
onto thee; of the lamp filament reflected 
alend scale) will deflect very rapidly toward 
main pe rE the scale; (2) the pointer will re- 
mare oy still, or; (3) the pointer will 
detlectio short distance on the scale. Rapid 
the elles of the pointer is an indication that 
adai ges being generated are too high for 
Sama anometer and must be reduced. The 
fs aaa goade used in Illustration 3 can 
Pikara aan to decrease the voltages by 
aih of ten—or any other convenient factor 
the galvanometer responds by a slow 


deflection on the scale. If the galvanometer 
remains still, the voltages being generated 
are too small to be detected by it and must 
be increased by the procedure shown in Il- 
lustration 3. If the indicator moves slowly, the 
voltages being generated are of the right or- 
der, and the internal resistance and sensitivity 
of the galvanometer can be measured. 

The following procedure is used to deter- 
mine the internal resistance of the galva- 
nometer. The source of the small voltage is 
connected directly to the terminals of the gal- 
vanometer, and the number of divisions that 
the pointer is deflected is counted. The same 
source is then connected to the terminal of 
the galvanometer, but with the addition of a 
resistor of known value (for example, 100 
ohms) between one terminal of the source 
and the terminal of the galvanometer. The 
deflection of the galvanometer pointer will 
diminish. If the first deflection was 85 divisions 
and the second 25, the current flowing through 
the galvanometer has been reduced by a ratio 
of 25/85. Therefore, the total resistance of the 
galvanometer and the circuit must also have 


been increased in the same proportions. i 
the Internal resistance of the galvanometer is 
x ohms, then 
x 25 

—_ =a 

x+100 85 
In this example, the internal resistance Is 
41.7 ohms. 

Once the Internal resistance has been mea- 
sured, the sensitivity of the Instrument can be 
easily calculated. Using the values shown In 
the paragraph above, and those described in 
Illustration 3, the current being measured is 
0.00015/41.7 amperes (3.6 microamperes oF 
10* amperes), in accordance with Ohm's law. 
Thus, a current whose value is 3.6 microam- 
peres causes a deflection of 85 units on the 
scale of the galvanometer. It follows that one 
unit of the scale will measure 3,6/85 micro- 
amperes (or 0.0424 microamperes), which is 
equivalent to 42.4 nanoamperes (10° am- 
peres) per unit. The galvanometer, therefore, 
is sensitive to a current as small as approxi- 
mately 40 billionths of an ampere. 
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THE LAWS OF 
ELEC TRIG CURRENT c=” 


Electricity is now so familiar that only 
its absence can demonstrate its impor- 
tance and usefulness. Anyone who has 
been caught in a house whose electric 
current has suddenly been cut off soon 
learns how closely the conveniences as- 
sociated with modern life are tied to 
electricity. This article is concerned with 
1 


A FANTASY OF LIGHTS—A night view of a 
modern large city suggests the importance of 
electricity to modern life 


~ ug 


s) sanort! 


the nature and some of the properties of 
electric currents from both a theoretical 
and applied standpoint. 


DIRECT CURRENT 


From the study of static electricity, which 
is concerned with phenomena stemming 
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5 LAWS — Illustration 2a 
uit and its corresponding 
»/tmeter e is applied to the 
r AB to measure the po- 
a instrument indicated by 
“meter and measures the 
lowing in the circuit. Two 
‘he flow of a constant cur- 
onductors and electrolytic 
nts have shown that cur- 
‘cera 4 circuit in accordance with 
Wale oning fonnula, called Ohm's first law, 
Binen ascribe ‘he relationship between the 
n segment AB of the circuit and volt- 

age between the ends of AB: 


Vam Vp =R 


ype Annt R depends on the dimensions 
ER 5 Physical state and type of material 
Kort A is called the resistance of the seg- 

B of the circuit and is given by the 


he charge on another is proportional to 
ot of the quantity of electricity 
5 each charge possesses divided by the 
quare of the distance between the 
charges, 
ee device—the capacitor (or con- 
“am T)—is important to the study of both 
ic electricity and electric currents. 
y y eee permits an electrical charge 
Ah easily stored. In its simplest form, 
fa pacitor consists of two surfaces placed 
ce to face but insulated from each other. 


following formula, called Ohm's second law: 
R = pl/s, 


where I and s are, respectively, the length and 
cross-sectional area normal to current flow in 
the segment AB of the circuit, and p is the 
specific resistivity. 

The table in Illustration 2b gives the specific 
resistivity of various substances. Substances 
with low specific resistivities are good con- 
ductors of electricity; those with high specific 
resistivities are dielectrics or insulators. The 
specific resistivity usually varies not only with 
the substance but also with temperature. Con- 
ductors whose resistance does not vary much 
with temperature are used as standards of 
resistance. The two in this table that can be 
so used are manganin and constantin, a 
nickel-copper alloy. The variation of the re- 
sistance of pure metals and the accuracy with 
which these variations can be measured have 


The surfaces are usually flat or rolled into 
a cylinder and are commonly referred to 
as the plates of the capacitor. In practical 
applications, a cylindrical shape is gen- 
erally preferred as it occupies a smaller 
volume for any given area of capacitor 
surface. As the surfaces are insulated 
from each other, a difference in potential 
exists between them. The amount of this 
difference depends on the distance be- 
the surfaces and the quantity of 


tween 
on them. If the two 


electric charge stored 


SPECIFIC 
RESISTIVITY p 
(ohm-meters) 


SUBSTANCE 


1.49 x 107° 
1.56 X 107° 
2.56 X 107° 
5.60 x 107° 
9.00 x 107° 
37.00 x 107" 
42.00 x 107° 
49.00 x 107° 
95,00 x 107° 
110.00 x 107° 
~10-? 
~ 10° 
~ 10'* 
~ 10'5 
>5x 10'° 


silver 
copper 
aluminum 
zinc 

iron 
antimony 
manganin 
constantin 
mercury 
bismuth 
electrolytic solution 
wood 

glass 

mica 

fused quartz 


been used to construct resistance thermom- 
eters. Two examples of these are pyrometers, 
which measure extremely high temperatures, 
and bolometers, which measure extremely 
small temperature changes. 

Superconductivity is a phenomenon associ- 
ated with the variation of resistivity with tem- 
perature. At extremely low temperatures re- 
sistivity almost completely disappears and an 
induced current will flow for hours in a circuit 
without requiring replenishment of energy. 

The power W available in the circuit—that 
is, the work performed by the electricity in the 
segment AB of the circuit in a unit time—s 
given by Joule'’s law: 

W= (Va — Va)l — PR. 
This energy is developed in the circuit and can 
be usefully applied as in heating elements, for 


example. In other situations production of heat 
may cause unwanted loss of energy. 


faces of the capacitor are connected by a 
conductive wire, this potential difference 
will be neutralized by a migration of 
charges from one face to the other. Such 
a migration of charges is called an elec- 
tric current, and the capacitor is said to 
discharge during this neutralization, Fur- 
thermore, whenever two regions of un- 
equal potential are connected by a con- 
ductor, an electric current is obtained. 
This current continues as long as the 
potential difference between the two re- 
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gions exists. A material that permits the 
flow of current (migration of charge) is 
called a conductor. 

Because metals are usually good con- 
ductors, they are most often used in elec- 
trical circuits. Other materials, called di- 
electrics (insulators), prevent the flow of 
electric current. Insulators are used, as 
their name implies, to shield personnel 
or parts of equipment from electric cur- 
rent. 

In order to study electric current, cer- 
tain quantities must be defined. One of 
these is the intensity i of an electric cur- 
rent. In contemporary writing intensity 
is referred to simply as current, which is 
a measure of the number of charges that 
pass through a section of a conductor in 
a unit time interval. Average current is 


defined by the equation 


i=Q/t, 
where Q is the quantity of electric charge 
and t is the time that elapses while the 
charges are passing along the conductor. 
The current flowing at any instant is de- 
fined as the result of the limit obtained 
when the elapsed time is infinitely small. 
In the case of a capacitor, the average 
current can be determined if the charge 
originally on the plates is known and the 
time that passes before the capacitor is 
completely discharged is measured. Such 
a value of the current is only an average; 
because the passage of the charge causes 
the potential difference between the two 
faces to diminish, the value of the current 
at any given time is proportional to the 


the circuit. The amour 


way to the resistivity o 


ing the current at th 


potential difference. 

A current caused by discharging a ca. 
pacitor flows only an extremely short 
time. To ensure that the current Contin. 
ues to flow between the two plates of the 
capacitor, a potential difference between 
the plates must be maintained, Potential 
difference is comm« called voltage, as 
the unit of measure ually used to spec 
ify potential is the t or some decimal 
multiple thereof. To :naintain a voltage 
across the plates, ces called gener. 
ators are employed nenever a constant 
voltage is maintain the current that 
flows in the condi will be constant 
with time. Such ırrent is called a 
direct current and study of this type 
of current constitu he theory of d-e 
electricity. 
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THE PRINCIPLE ©F ALTERNATING CURRENT 
—Alternating © ont, a flow of charge which 
periodically chanves its direction, can be ex- 
plained simply already noted, direct cur- 
rent occurs on! 1e fundamental parameters 
—voltage anc rent—maintain a constant 
flow of electri harge. On the other hand, 
if variable flo urs, these parameters will 
vary accordir ertain mathematical laws. 
When the volt d current vary periodically 
from positive gative values, the current 
is called alte | (a-c). An examination of 
the current fl: a circuit containing a ca- 
pacitor will cl ‘his concept. 

Illustration « a schematic diagram of a 
circuit that uti ı generator G to supply the 
electromotive E. An electromotive force 
is generated w ver a reversible transforma- 
tion between e! ical energy and some other 
form of energy s place. The magnitude of 
an electromoti rce may be defined quan- 
titatively as th vergy per unit of charge 
passing throug a generator. It is specified 


in volts, the same units used to express po- 
tential difference. An ammeter A and a volt- 
meter B measure, respectively, the current and 
the voltage in the circuit at any instant. C is 
a capacitor that can have either a flat or a 
cylindrical face, 

When the switch is closed, a current flows 
through the circuit until the capacitor is 
charged. The instruments A and B record the 
values of current and voltage at a given mo- 
ment during the flow. Illustration 4b shows the 
variation of voltage and current with time until 
the capacitor is charged. Note that the voltage 
V increases gradually until it reaches a value 
E equal to the electromagnetic force of the 
generator, whereas the current I increases 
rapidly to a value E/R and then decreases 
gradually to zero, 

After the capacitor is charged, opening the 
switch will retain the charge in the capacitor. 
However, if a short circuit occurs in the ca- 
pacitor as a result of connecting a conductor 
across its two extremities, the capacitor will 


discharge. The current and voltage variation 
during this discharge Is recorded by the in- 
struments and is shown in the right-hand part 
of Illustration 4b, Note that the current now 
decreases from a negative, Instantaneous 
value of E/R to zero, whereas the voltage de- 
creases from a positive value E. 

If this process of charge and discharge is 
repeated periodically, the sinusoidal variation 
of current I and voltage V (shown in Illustration 
4c) results. A characteristic of this sinusoidal 
variation is that the maximum value of one 
quantity—either the positive or negative max- 
imum—corresponds to the minimum value of 
the other. When this characteristic Is evident, 
the current Is said to lead the voltage by 90°. 
However, if a solenoid $ is substituted for the 
capacitor in the circuit (Illustration 4d), the 
current and voltage values will change their 
relative positions and the current will lag the 
voltage by 90° as in Illustration 4e. In both 
cases it Is correct to say the current and volt- 
age are out of phase by 90°. 


discharge 
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THE VOLTAIC EFFECT | 


The ancient Greek philosopher, Thales, Many experiments with static electricity 
found that, if a piece of amber were followed this discovery. However, not un- 
rubbed with a cloth, it would attract cer- til the eighteenth century was the produc- 
tain lightweight objects such as wood tion of truly continuous electric current 
fibers. Thales thus discovered static elec- possible, The Italian anatomist Luigi Gal- 
tricity, and he attributed the force to vani found that pieces of two vee 
elektron (the Greek name for amber). metals touching the nerves of the legs oj 


VOLTA'S EXPERIMENT—To demonstrate the 
difference of potential that is generated when 
two different metallic conductors are placed 
in physical contact with each other, Volta car- 
ried out an experiment that can easily be re- 
peated. To assure the absence of electric 
potentials or fields not arising from the experi- 
ment, It is carried out in a container called 
a Faraday cage (after the English scientist, 
Michael Faraday). This electrically grounded 
container is made of conductive sheet (or 
mesh) metal. Two metal plates with insulated 
handles are placed inside the box. To replicate 
Volta's experiment, the Plates are made of 
copper and zinc respectively, although some 
other metals would work just as well as these. 

The two plates are placed in physical con- 
tact with each other and the copper plate is 
connected to the grounded wall of the con- 
tainers. When the copper and zinc plates are 
connected, they become electrically charged. 
The device used in this experiment to deter- 
mine the electrical charge is an improved 
version of the electroscope used by Volta. It 
consists essentially of a sheet of gold foil 
attached to a metal shaft that Passes into the 
container through an insulating stopper. When 
a charged object touches the metal shaft, the 
sheet of gold foil is deflected. The amount of 
deflection is an indication of the amount of 
the charge. 

To amplify the effect of a charge on the 
gold foil, it is flanked by two plates connected 
to the poles of a battery of cells, the center of 
which is grounded. Using this arrangement, 
an experimenter can easily see deflections of 
the gold foil caused by an electrical charge, 
Contacting the copper plate with the gold foil 
causes a visible deflection of the foil in one 
direction. Contacting it with the zinc plate 
Causes deflection in the Opposite direction. It 
follows that charges on both Plates exist be- 
Cause of the contact between them and that 
the difference in potential across the copper- 
zinc cell is annulled by the mutual connection 
of the plates to ground. 


BASIS OF THE VOLTAIC EFFECT—The mod- 
ern theory of metals and their atomic, mo- 
lecular, and crystal structures provides an 
explanation of the Voltaic effect, From an 
atomic point of view, metals consist of crystal 
lattices in which atomic nuclei occupy essen- 
tially fixed positions and are Surrounded by 
electrons that are mobile in all directions 
within the lattice. Only in instances where 
Photoelectric, field, or thermionic discharge is 
effected do the electrons leave the lattice. 
In different metals electrons have different 
degrees of mobility; hence, different metals 
have different potentials for gaining or losing 
electrons. 

This point can be illustrated by drawing an 
analogy between electrical potential and gas 
Pressure. For this analogy three metals are 
used: copper, zinc, and platinum. If it were 
possible to place a kind of manometer inside 
the crystal lattice of each of these metals, and 
if the liquid level in the manometers were an 
indication of the gas pressure or electrical po- 
tential, the observations would be those noted 
above. The level reached by the manometer 
for the copper (Illustration 2a) is taken as the 
datum. The level reached by the manometer 
for zinc (Illustration 2b) is higher, and the level 
attained by the manometer for platinum (Illus- 
tration 2c) is lower. Accordingly, for each metal 
there is a standard electrical potential, and if 
two metals with different potentials are physi- 
cally in contact, a potential difference exists 
across the junction. 


producing continuous 
electric current 


3 


MAJORANA’S EXPERIMENT—After Alessan- 
dro Volta made his discovery Many physicists | 
made further studies of the Voltaic effect, 

of these was the English chemist William Nich. 
olson, who also invented a hydrometer in 1790, 
Another was E. Majorana, whose experiment 
was also conducted in a Faraday cage, 

Inside the grounded, metal container Ma 
jorana placed a plate of some metal (copper, 
for example), in such a way that it could be 
moved and still be connected to the wall of 
the box. From the top of the box he sus- 
pended an extremely thin quartz thread that | 
had been metallized w gold. The experi- 
ment involved slow anc careful movement of 
the copper plate clos: the gilded thread, | 
When the distance between the plate and the | 
thread was very smail—about 2 to 3 mm 
(about 0.08 to 0.18 in.)—the thread became 
strongly attracted to the plate because of the 
difference of potentials of the two metals, gold 
and copper. The Voltaic effect resulted from 
the electrical connection of the copper plate 
and the gilded thread to the same conducting 
walls of the box. Had the thread been metal- 
lized with copper instead of gold, no attractive 
force would have existed, because the differ 
ence in potential between the plate and the 
thread bearing the same metal would have 
been lacking. 

The Voltaic effect can also be demonstrated 
by means of a quadrant electrometer in which 
the quadrants are made of different metals and 
are arranged in a sui order. A potential 
difference is established between the moving 
part and the quadrants; this potential differ 
ence keeps the moving part oriented toward 
the quadrants. The electrometer shown (Illus- 
tration 3b), however, is used to measure po- 
tential differences; the suadrants, therefore, 
are made of the same metal. 
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THE FIRST LAW OF THE VOLTAIC EFFECT— 
Two laws are iated with the Voltaic ef- 
fect. The first law states that the potential dif- 
ference between two conductors depends on 
the nature of the conductor only, and not on 
the shape, size orientation of the conduc- 
tors. Two large stal plates (Illustration 4a) 
that are in cor with each other over the 
entire extent © sir surfaces result in the 
same potential ence as two other forms 
of the same c ctors (Illustration 4b) that 


uch each other only at a 
charts below the two illus- 
the fact that the difference 
the two configurations is 


are smaller anc 
single point. The 
trations empha. 
of potential ac 
exactly the sar: 


This point ce mind an analogy between 
potential and static pressure of a gas. 
If two vessels i with gases at different 
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Constant of the 
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Cleanliness of 


ected, the difference in 
ne regardless of the size 
1e size of the channel be- 
r, other factors have bear- 
ce of electrical potential 
uctors made of different 
e factors are the dielectric 
jium between the conduc- 
of impurities on the con- 
aces, and impurities in an 
st of these factors is im- 
riain impurities in an elec- 
y form separate cells with 
the conductors in the cell. 
ductors and purity of elec- 
trolytes is essential for the maintenance of 
constant and a rate voltages in cells with 
extremely small potentials. 


a frog caused muscular contraction if the 
ends of the metals were connected to 
complete a circuit. Soon after this dis- 
covery, another Italian scientist, Ales- 
Sandro Volta, built an apparatus that pro- 
duced continuous electric current and 
made possible scientific investigation of 
the laws determining the relationship of 
electricity and magnetism, 

Volta’s apparatus, called the Voltaic 
pile or battery, consisted of several cells 
Placed in a line or in series. Volta later 

‘covered a technique that could be 
used to produce a sustained flow of elec- 
tric current for a long period of time. The 
technique involved using an acid solution 


a medium between the poles of the 
ells, 


THE SECOND LAW OF THE VOLTAIC EFFECT 
—The second law states that the difference in 
potential between two metals at the begin- 
ning and the end of series of connections be- 
tween them depends only on the nature of the 
two metals—and not on the interposing con- 
ductors, in cases where no conductors of the 
second species are included in the series of 
interposing conductors. 

As a consequence of this law, two con- 
ductors made of different metals and placed 
in contact with each other in the air (illus- 
tration 5a) have a difference in potential that 
depends solely on their nature. In a second 
case (Illustration 5b), the same two metals are 
connected through a series of interposing me- 
tallic conductors, and they have exactly the 
same difference of potential. In a third case 
(Illustration 5c), two conductors made of the 
same metal are connected by a series of me- 


f 
i 


tallic conductors; however, because both ends 
of the series are of the same metal, no dit- 
ference of potential exists between the ends 
of the chain. If such a series were actually 
constructed and connected, there would be 
no current because there would be no differ- 
ence of electrical potential to drive electrons 
in any direction. 

The statement of the second law of the 
Voltaic effect must be qualified: the law only 
applies if there is no difference in temperature 
at the two ends of the series of conductors. 
Inasmuch as a difference in temperature alters 
the standard potential of a metal, if two con- 
ductors of the same metal are connected at 
different temperatures, a difference of po- 
tential will exist. This is known as the thermo- 
electric effect and Is the basis of operation of 
the thermocouple. 


THE VOLTAIC SERIES — For every metallic 
conductor at a given temperature, a given 
standard potential exists and can be used to 
calculate its difference of potential with any 
other metallic material. The system that has 
been adopted is to use pure hydrogen as the 
standard because it forms an extremely stable 
electrode whose potential is at a convenient 
value with respect to other metals. All other 
metals are related to hydrogen by the potential 
difference set up between them and the normal 
hydrogen electrode. To calculate the potential 


difference between any two metals, lead and 
iron for example, the differences of their po- 
tentials with respect to hydrogen are deter- 
mined and the lesser one is subtracted from 
the greater one as follows: 


VPb, H, — V Fe, H, = VPb, Fe « 


Tables provide the data to be used in this 
equation, and application of the equation gives 
the potential difference being sought. 


0.54 — 0.13 = 0.41. 
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PHOTOELECTRICITY AND 
PHOTOGERIZ: 


In 1887 the German physicist Heinrich 
Hertz, while trying to prove the existence 
of radio waves, discovered the photoelec- 
tric effect-the action by which certain 
substances give off free electrons, or elec- 
tricity, as a result of absorbing light 
energy. 

In 1902 Albert Einstein advanced the 
hypothesis that, in order to explain the 
photoelectric effect, it was necessary to 
assume that light is corpuscular—that is, 
composed of particles. Max Planck al- 
ready had suggested, in connection with 
the radiation of black bodies, that it was 
necessary to imagine light as being made 


DISCOVERY OF THE PHOTOELECTRIC EF- 
FECT—In 1887, Heinrich Hertz, in studying the 
conditions under which an electric spark 
could be discharged between two spheres, a 
and a’, discovered that no spark occurred if 
the electric potential between the spheres 
did not reach a certain Strength. If, however, 
a spark was discharged between a neighbor- 
ing pair of spheres, b and b’, a second spark 
was discharged between a and a’, even though 
the electric potential between them remained 
insufficient. Hertz supposed that the light emit- 
ted by the discharge of the spark between b 
and b’ helped cause the second spark because 
it struck the surfaces of the metal spheres 
and the air between them. In Particular, he 
surmised that the light radiation of the first 
spark caused electrons to be emitted both 
from the surfaces of the spheres and from 
the molecules of the air. 

In the following year German physicist Wil- 
helm Hallwachs took up and extended the 
study of this phenomenon, which was later 
given his name. Some texts still speak of the 
Photoelectric effect as the Hallwachs effect. 


exposure meters 
and quantum mechanics 


THE SURFACE BARRIER OF METALS—A 
metal consists of a crystal in which the atoms 
occupy clearly defined positions, although not 
all of the electrons that belong to these atoms 
are bound to them. The electrons are in a 
state of more or less neutral equilibrium and 
are free to move inside the metal if attracted 
by external electric or magnetic fields. If, how- 
ever, the electrons reach the surface of the 
metal, they are driven back toward the in- 
terior. In fact, the surface of the metal is made 
up almost exclusively of electrons. A little be- 
low these is a first layer of positive nuclei with 
insufficient electrons to equalize the charge of 
the nuclei. The electrons that reach the sur- 
face, situated as they are between a negative 
external stratum and a positive interior one, 
are driven back inward and do not, under 
normal conditions, emerge from the surface 
of the metal. If the metal is heated, the elec- 
trons are jolted by the atoms that are vibrat- 
ing because of the heat and are violently 
accelerated. If they reach the surface with suf- 
ficient velocity, the electrons may break 
through the surface barrier. This phenomenon 


is known as the the 
may also be driven < 
struck by light rays 

tion in general. The 

heat is known as the 
expulsion caused by 
photoelectric effect. 
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STUDYING THE PHOTOELECTRIC EFFECT— 
The apparatus used for studying the photo- 
electric effect consists of a vacuum tube or 


chamber a that contains a metal sheet b, used 


to study the surface emission of electrons. In 


order to illuminate the surface of the metal 
to the required intensity, the radiation used 


must be able to pass into the tube. Therefore, 


the tube contains a window c that is transpar- 
ent to the radiation used. If the photoelectric 
effect produced by ultraviolet rays is to be 
Studied, the window may be of quartz. Oppo- 
site the metal sheet is a metal rod d. The 
metal sheet and the rod are connected to a 
battery e by wires passing through the cham- 
ber, with the rod connected to the positive 
pole and the metal sheet to the negative. 
When the metal sheet is sufficiently illumi- 
nated by light from the window, it emits elec- 
trons that are attracted by the rod, then con- 


1 back through it 
cuit continues as 
; illuminated. To 
»ctrons in circula- 
requency f of the 
nitting surface, an 
vill detect very low 
is normally used. 
is theoretically. 
structed with the 
chamber, must be 
movement of the 
be obstructed by 
r the presence of 
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long as the metal 
measure the number 
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Although this app 
simple, it needs to | 
utmost care: the tube 
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electrons would othe 
the molecules in the Th 
air might increase the electric charge. y 
surface of the metal sheet must be free O! 
impurities because even a few foreign aom 
would be sufficient to impede the a 
emission of electrons and thus affect 
whole process. 
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PHOTOELECTRIC EF- 
ng the mechanism of the 
is necessary to know 
hat regulate it. In Illus- 
face f is illuminated by 
(assuming the metal 
lass tube as described 
electrons will emerge 
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isity of the radiation is 
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electromagnetic waves 
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in 4a. Regardless of 
in the intensity of the 
ctrons are still not emit- 
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sity and the wavelength 
\inished (Illustration 4c), 
the radiation come first yellow, then 
green, blue, tt at, Weak though it is, 
when it becom: t, electrons | will begin 
to emerge fror vetal surface. If the in- 
tensity of the r ) Is increased (Illustra- 
tion 4d), more will emerge. If the 
energy with wt electron emerges from 
the surface of etal is measured, it will 
be found to b weak: the electron de- 
parts at a low 


THE THEORY ¢ 
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If the wavele diminished still further 
(Illustration 4e e intensity of the radia- 
tion kept con: e number of electrons 
emerging from tal does not increase. 
What does inc is the energy of each 
electron, By hing the wavelength, 
which was viol adiation becomes ultra- 
violet, and ultra ays are invisible. 

The photo affect is subject to the 


following laws 


1. Electrons mitted only when the 


waveleng suitable. Electrons are 
emitted f y metal under ultraviolet 
rays. As r »n proceeds through the 
range of rays toward red, the 
number o tals In which this effect is 
Produced ually diminishes. 

2. The energy he electrons emitted de- 
pends on the wavelength of the radia- 


tion striking the metal; the shorter the 
waveleng e greater the energy of the 
liberated ctrons. 

3. The number of electrons emitted by the 
metal is proportional to the intensity of 
the radiation 


Up, not of continuous waves, but of a 
large number of particles known as 
quanta, or photons, each having an 
amount of energy determined by the fre- 
quency of radiation multiplied by a uni- 
versal constant h, now known as Planck's 
Saas According to this hypothesis, 

e higher the frequency of radiation and 


the shorter the wavelength, the greater 
the energy of the photon. (Wavelength 
is inversely proportional to frequency.) 
The photoelectric effect takes place, 
for example, when a metal surface is 
bombarded with high-energy photons— 
those having a short wavelength. Pro- 
vided it has sufficient energy, each pho- 


ton can liberate an electron. 

In freeing an electron, the photon is 
destroyed. A portion of its energy helps 
the electron break through the barrier of 
the metal surface (the effectiveness of 
the barrier differs from one metal to an- 
other); the remainder of its energy in- 
creases the velocity with which the elec- 
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PHOTOELECTRIC CELLS FOR COMMERCIAL 
USE—As shown at the left, a photoelectric 
cell consists of a glass vacuum tube mounted 
on an insulated socket from which protrude the 
metal pins that conduct electric current into 
the cell. Light passes into the tube and illumi- 


5 


tron leaves the metal. 
This fact may be expressed by Ein- 
stein’s photoelectric equation: 


th ep 
mu? = hf A 


where 1/2 mv? is the kinetic energy with 
which the electron leaves the surface of 
the metal, h is Planck’s constant, and f is 
the frequency of the radiation. Thus, hf 
is the energy of the photon and P the ex- 
traction potential of the electron, or the 
energy required for it to leave the sur- 
face of the metal. 

Einstein’s equation was not confirmed 
until 1906, when the American physicist 
Robert Millikan conducted experiments 
that verified Planck’s quantum theory of 
radiant energy. 

Another example of the photoelectric 
effect is a ray of light striking the human 
body, from which the light is able to ex- 
tract electrons. The photoelectric effect, 
however, does not take place with all 
kinds of radiation: visible light is usually 
not able to produce it, but it is produced 
by the ultraviolet radiation of the sun, 

In physics, the photoelectric effect is 
understood to mean the extraction of 
electrons from matter through light. 
However, it is necessary to distinguish 


a metal sheet within the tube. Electrons 
Hee from the metal sheet as the result 
of the photoelectric effect. Opposite the sheet 
is a positively charged metal rod that collects 
the electrons emitted from the metal sheet. 

The rod and sheet are charged through the 


between two types of photoelectric ef- 
fect. The first is produced by either vis- 
ible or ultraviolet light and causes the 
emission of the electrons from the sur- 
face of metal bodies. The second is 
caused by such radiations as gamma rays, 
which have a much shorter wavelength 
than ultraviolet or x-rays and can liberate 
not only surface electrons—those that are 
free or rotating on the periphery of the 
atom—but even detach from their atoms 
the electrons closest and most strongly 
bound to the nucleus. This second kind 
of photoelectric effect differs from the 
first only in its contribution to the study 
of atomic structures. 

Lastly, the photoelectric effect has re- 
sulted in the development of instruments 
used to detect the presence of electro- 
magnetic radiations by transforming light 
into electric current, Such instruments 
range from the common photographic 
exposure meter to the ultrasensitive in- 
struments used by astronomers to mea- 
sure the light of the stars. Other practical 
applications of the photoelectric effect 
include instruments for the determination 
of x-ray and gamma ray intensities, qual- 
ity control in manufacturing, and the 
production of sound for motion pictures, 
In television production, the photoelectric 
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The laws govern 
effect provide an window on the 
atomic world, hel; scientists under- 
stand why the laws Jassical mechan- 
ics are inadequate to explain atomic phe- 
nomena. The photoelectric effect can a 
explained only by adopting the hypi 
esis that light radiation is corpuscular Gi 
well as undulatory. This hypothesis is 
fundamental to the development ofa pig 
tem of mechanics that explains mas 
phenomena of atoms—quantum mec! T 
ics. The photoelectric effect thus is F 
introduction to the study of the follow: 
ing subjects: 


1. The mechanism of the extraction 
of electrons from matter; z 
2. The technique for constructing 

photocells—the instruments to dé 
tect the presence of sleet a 
radiations by transforming 
into electric impulses; and 
3. The fundamental concepts 
quantum theory of radiation. 
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FLUX | 


sparks from a 
Ruhmkorff coil 


sage of electricity through gases and 
hence have a large number of applica- 
tions in science and technology. The ex- 
periments illustrated and described in 
this article are relatively simple, but they 


fe BECOMES AN ELECTRIC ARC—If 
Reape, of the secondary circuit of a 
trodes pt coil are connected to two elec- 
spark nd then moved apart until the longest 
ieee cc is obtained, the resultant dis- 
falned A called a spark—a discharge main- 
GIR by virtue of the high potential 
high : e electrodes, and set off only by a 
en AN difference between the elec- 
Gh ihini is type of spark is a miniature stroke 
rather Ae (Illustration 1a); it is violet in color, 
the Reiss. and winding, is accompanied by 
luminous of a weak explosion, and is weakly 
laes a On the other hand, if some capaci- 
ondary Ate placed in parallel with the sec- 
Ren Pot of the Ruhmkorff coil (and this 
of glass) n be done by gluing tinfoil to a plate 
differenc e charge will condense, the voltage 
diminish between the two electrodes will 
eleGirod: and the spark will only occur if the 

les are brought closer together. The 


spark is now accompanied by a loud noise. 
When discharge occurs under these condi- 
tions, the air is heated so rapidly that its vio- 


lent expansion sets up a sound wave as shown 
in Illustration 1b. Illustrations 4c and 1d show 
how this spark gradually changes into an arc. 
The more the capacity in parallel with the 
electrodes is increased, the closer the dis- 
charge comes to forming an arc. 

The electric current that passes in an arc 
is much greater than that that flows in the 
first type of discharge described. The spark 
thus becomes transformed into a flame that 
has an extremely high heat capacity and that 
causes the evaporation of metal from the elec- 
trodes. This evaporation, in turn, causes the 
discharge to become colored, The discharge 
itself now has the form of a flame and no 
longer that of a spark. For this reason, the 
winding form shown in Illustration 1a does 


not occur. 


2 


GLOW DISCHARGE—If the secondary circuit 
of the generator is arranged in such a way that 
the electrodes are further apart, or if they are 
kept close but separated by a plate of glass, 
then the spark can no longer occur. All the 
same, an electric field is still present and acts 
on the ions present in the air. These jons are 
set in motion and result in the so-called “elec- 
tric wind.” The air that is crossed by this flow 
of ions glows with a characteristic violet color. 
The glow discharged almost gives the impres- 
sion of a luminous fluid coming out of the 
electrode. Sometimes this discharge will also 
contain fine sparks that seem to branch off 
from the main stream. 


EE 


should be conducted with caution to 
guard against the dangers of high volt- 
ages. 

An electric discharge is simply the pas 
sage of electricity through a gas. Electric 
discharges can also occur in a vacuum; in 
such cases only electrons will pass be- 
tween the two electrodes. These elec- 
trons are obtained from the conducting 
bands of the metal used and pass from 
one electrode to the other by following 
the isodynamic lines of the electrostatic 
field. 

In the most common cases, the electric 
discharge consists of ions and electrons 
moving in an ionized gas. Ionization, 
therefore, lies at the basis of the phenom- 
enon of discharge. The phenomenon of 
setting off an electric discharge is partic- 
ularly important when dealing with those 
discharges that are made to occur in a 
controlled manner and are set off by the 
passage of an ionizing particle. Discharge 
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occurs when the potential difference ex- 
isting between the two electrodes is great 
in comparison with the distance that sep- 
arates them. The ratio between the po- 
tential difference and the distance is 
called the field; the intensity of the field 
determines whether or not a discharge 
can take place. 

Consider a gas consisting of atoms—or 
neutral molecules—that are not subject to 
the attraction of the field. This gas prob- 
ably contains a few ions and electrons 
that may have been produced by the pas- 
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EXPLOSIVE DISTANCE AND FLAME—The ex- 
plosive distance is the maximum distance be- 
tween electrodes from which it is still possible 
to obtain a spark. The explosive distance 
varies primarily as a function of the voltage 
difference, but it also depends on the shape 
of the electrodes. If both these Parameters are 
left unchanged, it is possible to increase the 
distance between the electrodes if the air 
between them is ionized. This can be done, 
for example, by introducing an alcohol flame, 
This ionization will greatly facilitate the dis- 
charge, which will now become many times 
longer than it was in cold air. Because this 
experiment is relatively dangerous, the ex- 
perimenter must neither come close to the 
flame nor touch it with conductors. In fact, it 
is not even advisable to touch the dish in 
which the alcohol-soaked cotton is burning, 
whether it is touched with the bare hand or 
with a conductor, because a Part of the dis- 
charge could branch off from the Principal 
spark—with serious consequences for the 
experimenter, 

It should be noted that the spark becomes 
wider and less luminous when it crosses the 
flame (which is only slightly luminous be- 
cause complete combustion of carbon takes 
place). In fact, since the Spark is wider, it 
will also tend to be less hot and consequently 
less luminous. 


sage of a particle of cosmic radiation, by 
terrestrial radioactivity, or by the spon- 
taneous dissociation of an atom (although 
this is actually caused by a violent colli- 
sion). Such an electron may accelerate 
sufficiently between collisions to enable 
it to ionize the atom that it strikes. This 
results in the production of a second elec- 
tron, then a third, and so forth, with con- 
sequent multiplication that is extremely 
rapid. In the end, an almost complete 
ionization of the gas occurs, causing it to 
become a conductor. 

During the nineteenth century, elec- 
tric discharges opened the door to the 
study of atomic physics; in fact, electric 
discharges first demonstrated the exis- 
tence of electric charges in atoms and 
subsequently made it possible to discover 
the electron and x-rays. However, these 
results could only be obtained after car- 
tying out experiments under perfectly 
controlled conditions and above all, at 
low pressures. The knowledge obtained 
subsequently became useful in certain 
fields of technology and instrumentation, 

The electric current that passes through 
the ionized gas is supplied by an input 
circuit. The electric energy is dissipated 
in the small volume of gas in which the 
discharge occurs; this dissipation pro- 
duces a considerable heating of the small 
mass of gas, which becomes luminous. 

If the electrodes are close to insulating 
surfaces, the state of cleanliness of these 
surfaces has a considerable influence 
and may enable the discharge to take 
place along the impurities deposited on 
the surface. In a case where an insulator 
does not resist the voltage and becomes 
perforated, the hole formed in the dielec- 
tric will be extremely small and regular, 
and its edges will be metallized. If the 
pressure of the gas is lowered where the 
discharge is made to occur, the explosive 
distance (that is, the maximum distance 
between the electrodes at which a dis- 
charge may take place) will be greater 
than it is at ordinary pressure. These ex- 
periments can also serve as the starting 
point for other interesting observations 
in the field of atomic physics. An exam- 
ple is the production of emission spectra 
of a gas (and the observation of them 
through a spectroscope) to demonstrate 
the presence of a high degree of ioniza- 
tion in the atoms of the gas in which the 
discharge takes place. It is also interest- 


PERFORATION OF 
a dielectric is placed between the two points 
of a spark gap, a kind of insulating effect ii 
Produced. Consequently, the spark is pI 
vented from jumping across the gap. How 


pass through the hole formed. The size of 
the hole formed by the passage of the spark” 
is minimal—a few tenths of a millimeter. This: 
hole is perfectly round, or at least this is th 
case if the properties of the dielectric ang 
excessively anisotropic. This illustration sl a 
a hole produced by the perforation ore $ 
electric by means of an electric aa e 
(250 X) The hole is round and very small a 
the rim of the hole has been slightly blac! a 
—this is due to a deposition of material a 
the electrodes. The same material re 
become deposited in cases where a disci rae 
has skimmed the surface of a aicle ct) He 
therefore, quite possible for a dielectri st, i 
has been struck by a discharge to be ; 
insulating properties. If insulation is eee 
it is then necessary to change the de 
dielectric. 


ing to note that each gas emits a a 
teristic spectrum different from the nA 
obtained by burning the same gas ia 
flame; the excitation potential is less W 
the flame than in an electrical sae 
and, thus, produces lower levels of # 
zation. ; 

The basic item of equipment aaia 
for these experiments is a R E 
spark coil, connected to electro 
other simple pieces of apparatus. 
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EXPLOSIVE DIST 
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explosive distan 
of the air in whic 
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E AND THE PRESSURE 


termine the value of the 


ile varying the pressure 
spark is made to occur, 


a series of experiments is necessary. To carry 
out these experiments, a spark must be pro- 
duced inside a tube from which the air has 
been removed or, at least, considerably rare- 


fied. Illustration 5a shows how such a tube 
is prepared. 

A glass tube a with a diameter of at least 
4 cm (about 1.6 in.) and a length of at least 
10 cm (about 4 in.) is used. A test tube from 
which the bottom has been removed may be 
used; the edge of the cut end is smoothed 
by heating it in a flame. The letters b and ¢ 
indicate rubber stoppers with which the ends 
of the glass tube are sealed; d and e are elec- 
trodes (rods of glass or copper). A thin glass 
tube f passes through one of the stoppers and 
puts the inside of the larger glass tube Into 
communication with the outside, while g is a 
rubber tube with which the apparatus is con- 
nected to a vacuum pump. 

Illustration 5b shows the complete appa- 
ratus. There are two cheap methods for pro- 
ducing a vacuum that, although not complete, 
is sufficient to have an appreciable effect on 
the spark. One of these consists of using a 
water pump that is connected to a faucet from 
which water issues at a certain pressure; the 
other method consists of using the suction 
side of an aerosol apparatus. The rubber tube 
g in Illustration 5a can be throttled to allow 
for passage of a small quantity of alr; this 
makes it possible to obtain a smaller vacuum 
than that that would be produced if the glass 
tube were connected directly to the pump. 

If a rarefaction of the air is produced in 
the glass tube (in which the two electrodes 
have been placed) in such a way as to be at 
the explosive distance for air at ordinary pres- 
sure, the spark occurs without any difficulty. 
The spark will still be produced if the elec- 
trodes are set further apart, but will be more 
diffused than at ordinary pressure. Illustra- 
tions 5c, 5d, and 5e show the different sparks 
that will be obtained as the pressure is di- 
minished, If the pressure falls to a hundredth 
or a thousandth of its normal value, or even 
less, the discharge is transformed into a lumi- 
nescence that spreads over the whole of the 
gas in the tube—not only diminishing the 
brightness of the discharge, but also lessening 
the total luminosity. Finally, if a graph were 
plotted of the explosive distance as a func- 
tion of the pressure, all the points would lio 
on a straight line. 
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THE DIFEECTRIC 
PROPERTIES OF SOLIDS | polarizability 


POLARIZABILITY AND THE DIELECTRIC CON- 
STANT—The polarizability of atoms and mole- 
cules in solids has the effect of varying the 
intensity of an applied external electrostatic 
field. For example, when two plates of a con- 
denser are charged with a constant voltage, 
the field between them diminishes if the in- 
tervening space is filled with a polarizable 
substance. If a cavity is made in the dielectric 
—in the form of a thin needle positioned par- 
allel to the direction of polarization (perpen- 
dicular to the plane of the condenser plates) 
—the field inside this cavity assumes a value 
represented by E, which is independent of the 
dielectric. Let D represent the average value 
of the field at a given point within the di- 
electric. The difference between D and E 
Is equal to the value of the polarizability P 
multiplied by 47: D — E = 47P. The ratio D/E 
measures the dielectric constant (usually rep- 
resented by e). 

Illustration 1 is a diagram of a circuit con- 
sisting of a parallel connection of an inductor 
L and two capacitors Cv and Cf. An ac voltage 
generator is included in the bottom side of the 
circuit; this generator is capable of generating 
a variable frequency. A voltmeter is connected 
across the terminals of the inductance, to 
measure the ac voltage across them. The 
circuit illustrated possesses a characteristic 
resonance frequency whose value depends on 
the value of the capacitance (on the right side 
of the circuit). The capacitance is again the 


Dielectrics are insulators—substances that 
are nonconductors of electricity, An un- 
derstanding of their properties contrib- 
utes to a better understanding of the 
structures of solids, just as the study of 
mechanical strength or thermal character- 
istics serves to explain those structures. 


sum of two capacitances: that of the variable 
condenser Cv and that of the fixed condenser 
Cf. The fixed condenser has its plates set a 
certain distance apart; a dielectric can be 
placed between them to measure its constant. 

The relationship that connects the reso- 
nance frequency with the various magnitudes 
appearing in the circuit is expressed as fol- 


lows: 
ae 
= Vie + Ch’ 


where w is the resonance frequency and L is 


the inductance. 

The resonance frequency is first measured 
when the condenser is empty. A dielectric is 
then placed between the plates of the fixed 


condenser and the variable condenser is ad- 


justed to ascertain how much its capacitance 
must be varied to maintain the resonance 
frequency of the circuit at the same value as 
before. The numerical value of the dielectric 
constant can then be determined from this 
variation. 


The arrangement illustrated permits deter- 


mination of the value of the dielectric constant 
only when the frequency is low. Under such 
conditions the body behaves almost the same 
as it would in the case of static fields. An ex- 
cessive increase of frequency introduces other 
phenomena, which alter the value of the di- 
electric constant. 


In the case of dielectrics, these observa- 
tions can be extended to include liquids 
and gases. Dielectric properties are de- 
rived from the atomic or molecular char- 
acteristics of a substance and are in- 
fluenced by the structure of the solid or 
liquid in which they may be found. 
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bonds betwee se molecular groups of a 

substance. 
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THE LOCAL ELECTRIC FIELD—These illustra- 
tions serve as aids to the understanding of the 
dielectric properties of solids. The arrows at 
the top and bottom represent the nature of the 
external electric field. This field should be con- 
sidered as being produced by a pair of large, 
flat conductors, placed parallel and sufficiently 
far apart to ensure that the space between 
them is covered by a uniform field. 

Illustration 3a represents the field in a vac- 
uum. The value of the local field (Ejocat) at 
point P is equal to the value of the external 
field. If, however, point P is surrounded bya 
material body, the electric field is altered by 
the presence of this body. Physically, this al- 
teration is due to the electric charges con- 
talned in the material substance, and these 
charges are themselves altered by the external 
field, moving from their normal equilibrium 
position. This displacement Causes a varia- 
tion in the external electric field; the charges 
within the material substance were in a cer- 
tain equilibrium position before exposure to 
the external field, and their displacement 
creates a field that opposes the external field. 

In reference to Illustration 3b, imagine point 


Important properties of matter in gen- 
eral can be deduced from a basic knowl- 
edge of dielectric properties. 

In a vacuum, an electrostatic field de- 
pends only on the intensity of the ap- 
plied potential generating it and on the 
form of the surface (or space) over 
which these charges are distributed. The 
value of an electric field in matter, how- 
ever, is influenced by other factors. Mat- 
ter contains electric charges that are sub- 
ject to the actions of attraction or repul- 


P as the center of an extremely small sphere, 
only large enough to contain a number of 
atoms of a simple crystal. Assume that this 
small sphere is at the center of such a simple 
crystal, formed as an ellipsoid as shown. The 
calculation of the effect of this solid body on 
an external electric field could be carried out 
by passing through the variation of position of 
each charge within the substance, but such a 
computation would be impossible because of 
the complexity of the structure. Instead, the 
calculation can be made in the manner illus- 
trated, subtracting from the field E, (the exter- 
nal field) a field E,, caused by the matter— 
which can be initially approximated as that 
due to the charges on the external surface of 
the ellipsoid. The illustration shows that this 
effect is due to the gathering of the charge at 
the periphery of the ellipsoid; the presence of 
the charge sets up the field represented by the 
arrow pointing in the opposite direction to the 
arrows representing the external field. This 
new field, because of its opposition to the ex- 
ternal field, is called the depolarization field, 
and weakens the resulting field experienced 
at point P. 


sion, according to the sign of the charges, 
Such actions can displace the charges 
themselves or, if the charges are present 
in pairs, orient the dipoles, In either case, 
the displacement or orientation of the 
electric charges Present in matter causes 
an alteration of the electric field in com- 
parison with that same field in a vacuum. 
The extent of the alteration depends on 
the way and form in which the charges 
exist and are arranged within the matter. 

The simplest way in which to visualize 


The effect of the polarization of charges 
within the mass of the ellipsoid body also de- 
pends on the charge within the small sphere 
surrounding point P—the point at which the 
value of the field is sought. A formula devel- 
oped by the Dutch physicist Hendrik Lorentz 
can be used to find the value of the field when 
the distribution of the charge on the internal 
surface of the sphere is known. The corre- 
sponding field (shown as E, in Illustration 3c) 
is a vector parallel to the external field (Eo); It 
is represented in the illustration by an arrow 
parallel to the arrows representing the ex- 
ternal field. 

Illustration 3d shows the sphere surrounding 
point P, enlarged from its position within bie 
ellipsoid. In cubic crystals—irrespective © 
whether they are simple, face-centered, oF 
body-centered—calculations indicate that ihe 
field due to the atoms is zero. (The details ol 
this calculation are complex and beyond the 
scope of the present discussion.) Sub 
more complex than crystals, of course, Invata 
even more complex calculations, which are a 
such difficulty that few have been carried ou 
beyond cubic structures. 


such an effect is to consider a substance 
subjected to an electric field of constant 
value. This is shown in the illustrations: 
If the same substance is placed ina 
rapidly varying electric field, the situation 
is more complex. In the latter case, mat- 
ter reacts in different ways, according t0 
the extent to which the charged elements 
are free to move under the action of the 
applied field. The accompanying illustra 
tions relate dielectric characteristics t0 
the structures of solids. 


SEM! 


Semiconductors 
transistors are ! 
tronic theory 
stances, most | 
silicon, react t 
termined man 
energy. 
Germanium 
be used as a £ 
been almost « 
silicon, which 
much better i 


1 

DONORS AND 
of impurities in 
can influence £ 
In Illustration 1 
stances is she 
center of each 
pure silicon is 


materials from which 
, are basic to elec- 
systems, These sub- 
iarly germanium and 
yperature in a prede- 
to conduct electrical 


the first substance to 
conductor. It has now 
letely superseded by 
vaintains its properties 
face of temperature 


—PTORS—The presence 
nium and silicon crystals 
conductor's conductivity. 
ə structure of these sub- 
) a single plane. At the 
) of atoms in a crystal of 
er atom. If the crystal is 


polluted with il percentage of arsenic, 
the central silic om will sometimes be dis- 
placed by an a c atom. Arsenic is penta- 
valent rather tt etravalent like silicon, and 
can lose an ele and become ionized. This 


to the conduction band, 
io the conductivity of the 


free electron, 
further contribi 


crystal, For thi ison, it is called a donor 
atom, and a ser iductor doped in this way 
is called an electron-rich, or N-type conductor. 

Illustration 1b sows what happens when an 


element such as indium or boron is the source 
of the impurity sse elements are trivalent 
and thus will io by taking an atom from 
the crystalline structure. The presence of this 
acceptor atom is important in that it produces 
a hole that behaves like an electron (though 
less efficiently) and affects the conductivity. 
Semiconductors containing impurities of ac- 
ceptor atoms are called P-type conductors. 
The concentration levels of the impurities 
can be extremely low and still produce con- 
ductivity; for example, one part of boron in a 
hundred thousand is sufficient to increase the 
Conductivity of silicon a thousand times. Im- 
purities are not the only means of activitating 
Perfect crystals. Some substances are good 
Conductors because they have a stoichiomet- 
ric excess of one component; cuprous oxide 
and zinc oxide are semiconductors of this 
type. 
í Donor or acceptor atoms alone do not turn 
ea stance into a semiconductor. Their pres- 
$ ce merely increases conductivity while con- 
SENG all other properties. Conductivity, then, 
aae on the probability that donor or ac- 
aie atoms will ionize. It is relatively easy 
ee this probability for germanium or 
lor ae but quite difficult for other substances 
fa example, those with a stoichiometric de- 
eae This is one reason why certain sub- 
fore are being used as semiconductors; 
er r properties have been revealed by actual 
perience instead of theory. 


ONDUCTOR | 


variations. Many other semiconductor 
substances exist, but it is easier to inter- 
pret theory in the case of either germa- 
nium or silicon. 

Conductivity in known substances is 
produced by the movement of ions, elec- 
trons, or the presence of crystalline de- 
fects. The value of this conductivity dif- 
fers according to the particular substance, 
but is always referred to a specimen with 
a cross section of 1 cm? and a length of 
1 cm. Measurements may be made on 


important substances 
used in electronics 


specimens of different dimensions, but 
the result is always related to a specimen 
of this size. Substances with a resistivity 
(the inverse of conductivity) of about 
10-* ohm/cm are said to be conductors; 
those whose resistivity lies between 10"* 
and 1022 ohm/cm are considered insula- 
tors. 

Semiconductors, so called because of 
their intermediate position in the con- 
ductivity scale, have a resistivity between 
10-2 and 10° ohm/cm. While it is rela- 
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tively easy to study the properties of pure 
substances at either end of the scale (in- 


sulators or conductors ), the properties of 


semiconductors may depend on different 
factors—temperature, thermal agitation, 
crystalline impurities, and lattice defects. 

Thermal agitation can be determined 
to within a certain accuracy despite the 
difficulty of the required calculations. 
However, crystalline impurities and lat- 
tice defects require a great deal of ex- 
perimentation in order to reach definite 
conclusions. For this reason, particular 
attention is being paid to the physics of 
semiconductors because of their great 
number of useful applications in elec- 
tronics. 

Semiconductor substances are most 
commonly used to make diodes and tran- 
sistors, It is also possible to construct tem- 
perature-sensitive elements that react 
very rapidly and that can be accurately 
measured (thermistors). Other applica- 
tions are in the manufacture of photodi- 
odes and phototransistors (light-sensitive 
devices that are small in size and con- 
sume very little power); voltaic elements 
that emit a voltage when illuminated and 
that transform light energy into electric- 
ity (solar batteries); and devices that 
emit light radiation when stimulated 
electrically—devices having an efficiency 
greater than that of an ordinary light 
bulb and having almost unlimited life. 

These various semiconductor products 
are of such considerable importance in 
modern science and technology that their 
invention was required before the large 
body of experiments aimed at establish- 
ing the properties of semiconductors 
could be performed, Among those prod- 
ucts that have important applications are 
copper oxide, selenium, lead telluride, 
and lead sulfide. 


PROHIBITED BAND 


INTRINSIC AND EXTRINSIC CONDUCTIVITY 
—Conduction in semiconductors is either in- 
trinsic or extrinsic. Intrinsic conductivity results 
when a completely pure crystal is brought to 
absolute zero temperature. If the crystal con- 
ducts in this condition, it is due to structural 
reasons, or the mobility (in the widest sense) 
of the charges within the structure and the 
potentials that render these free and mobile. 
Extrinsic conductivity, conversely, depends on 
the presence of impurities; the nature and 
concentration of these impurities thus deter- 
mine the value of conductivity. 

Most semiconductors used today are in- 
trinsic conductors to which some desired 
amount of extrinsic conductivity has been 
added. This effect is obtained by producing 
chemically pure monocrystals of the substance 
and adding a known amount of impurities, 

Illustration 2a represents the bands of en- 
ergy that may be occupied by an electron 
within a semiconductor. The electron energies 
of a hydrogen atom display well-defined values 
that are separated by intervals of energy the 
electron cannot assume. In this illustration, 
however, the energies are arranged in wide 
bands. If the electrons are in the lower band, 
the crystal is only a weak conductor; but if 
they are increased (by raising the temperature, 
for example), the conductivity also increases, 
since some of the free electrons can now 
assume energies that correspond to the con- 
duction band, and thus carry a charge. 

Illustration 2b shows that the charges in a 


rial will become 
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Illustration 2c is an e ntial graph, with 
the abscissa showing t verse of the tem- 
perature in absolute ur 1/T). For these 
semiconductors (the sam» :aw applies to all 
others), the variation is straight line, ex- 
perimentally determined ich means that the 
law of variation of the resistivity with tem- 
perature must be of the type exp (—a/T). It 
can be seen that small temperature variations 
Produce very considerable variations in the 
resistivity. 

ilistration 2d shows the energy de 
between the valence and conduction banal 
many substances. This is one of the wae A 
which physicists determine whether or nol 
substance is a semiconductor. The most coni 
mon semiconductors have an energy gap be 
tween bands on the order of 1 ev. ni 

Illustration 2e indicates the important p 
played by the respective mobilities of td 
trons and holes in determining conductiv 
The values of the mobilities of electrons am 
holes (at room temperature) are shown. aa 
that the mobility of the holes (red) is much 
than that of the electrons (violet). 
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SUPERCONDUCTIVITY 


disappearance of electric resistance at low temperatures 
1 


THE MEISSNER EFFECT—An interesting char- 
acteristic of superconductivity is illustrated 
by an experiment carried out by W. Meissner 
and R. Ochsenfeld in 1933. They placed a 
wire of a conducting material in a magnetic 
field, arranged as shown in Illustration 1a. 
The induction lines of the field cross the sec- 
tion of the conductor as long as the wire re- 
mains a normal conductor. When the temper- 
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THE ISOTOPE EFFECT — in 1950, scientists 
discovered that the Superconductive transi- 
tional temperature is not the same for the var- 
ious isotopes of the same element and, there- 
fore, that the transitional temperature of an 
element depends on its isotopic mass. The 
discovery was made through work with iso- 
topes of mercury, which at that time could be 
158 isolated in sufficient quantities to Permit ex- 


THE SUPERCONDUCTING ELEMENTS—thig 
table is simply the periodic system of the ele. 
ments presented in a manner to permit the 
identification of those elements that are super- 
conductors and those that are not. The boxes 
containing the symbols of superconductor ele- 
ments are colored blue, and all the other boxes 
b are colored yellow; for each Superconductor 
element, the value of the transition tempera- 
ture (in °K) is given beneath the chemical 
symbol. Study of this table discloses some of 
the most salient characteristics concerning the 
distribution of superconductivity, Obvious| 
not all substances are superconductors; mor 
over, the distribution of the superconductor 
elements in the periodic table is not a random 
one. No alkali metals are superconductors, nor 
are any ferromagnetic metals, nor any antifer- 
romagnetic metals. 

The elements that are excellent metallic 
superconductors are not equally good con- 
ductors at ordinary temperatures, For example, 
at ordinary temperatures lead, tin, titanium, 
zirconium, and hafnium have resistivities that 
are on the order of 50 times the resistance of 
good metallic conductors, such as copper, 
gold, and silver. Most elements are not shown 
as superconductors, but this does not meal 
that these elements are not superconductors; 
to a great extent experiments with these sub- 
stances have not been carried to the point 
where a conclusive answer can be given. In 
most cases, no experiments have been carried 
out below 0.07°K (—459.27°F), and it Is, 
therefore, possible that some of the elements 
might /become superconductors at tempera- 
tures below this point. An element can only 
be proved not to be a superconductor if the 


ature of the wire is lowered below the critical 
value, however, the wire hecomes a supercon- 
ductor, and the induction lines of the mag- 
netic field will no longer pass through the 
section. This phenomenon is diagramed in 
Illustration 1b. What this experiment shows is 
that the superconductive state is characterized 
by zero magnetic induction and that the con- 
ductor behaves like a perfectly diamagnetic 
material. 


THE SUPERCONDUCTIVITY OF COMPOUNDS 
—Superconductivity is a property of many 
substances that are alloys or intermetallic 
compounds rather than pure elements. Com- 
pounds of elements that individually are not 
superconductors can display the property of 
superconductivity; exceptional properties at 
times can be possessed by substances dis- 
tributed in wires with a thickness of a few 
atomic layers or by substances distributed in 
a matrix in powder form. Apparently a rele 
crystal structure is not necessary for a SU! 
stance to become a superconductor, and 
at ordinary temperatures the crystal srie 
has a great deal of influence on conductivi bs 
The temperature scale of the supercondite 
tor substances shown here does not rigig i 
the fact that compounds generally have hig i 
transition temperatures than pure elemen! 


perimentation for purposes of measuring the 
critical temperature. The graph shows that the 
relationship between the logarithm of the mass 
of the isotope and the logarithm of the transi- 
tion temperature is represented by a straight 
line when plotted on a double logarithmic 
scale. This relationship may be expressed as 


M‘/°T.. = constant 


where M is the mass of the isotope and T, is 
the critical temperature, the one at which the 
substance becomes a superconductor in the 
absence of a magnetic field. Two extreme 
values provide an idea of the range over 
which the critical temperature of mercury may 
vary: Te varies from 4.185° K (—451.867° F) 
to 4.146° K (—451.937° F) as M varies from 
199.5 to 203.4. 

The aforementioned relationship permits the 
deduction of another relationship that is very 
simple and quite significant, namely 


Ut 
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Tec/0 = constant 


where @ is the Debye temperature. This tem- 
perature, in fact, is proportional to the speed 
of sound in a crystal and this, in turn, is in- 
versely proportional to the square root of the 
atomic mass of the isotope. The fact that the 
speed of sound is involved in this expression 
indicates that the interaction between the con- 
ducting electrons and the phonons of the lat- 
tice must be an important factor in the study 
of superconductivity. 
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In 1911 a physicist by the name of H. superconductor is really quite low. For 


Kamerlingh Onnes was working in the example, if an electric current is made to 
Low Temperature Research Laboratory at flow through a ring made of a supercon- 
the University of Leiden, in The Nether- ducting metal, the current will continue 
lands. While studying the variations in to flow even when there is no electro- 
the conductivity of solid mercury at ex- motive force at all. 

tremely low temperatures, Onnes noticed Knowledge of the phenomenon of super- 
that, at an absolute temperature of 4.2° conductivity has been extended greatly 
(—451.8° F), the electrical resistivity of since its discovery. Nevertheless, the phe- 
the metal had become zero OF, at least, nomenon is so complex that scientists 
that it was no longer measurable. This have not yet been able to construct a 
discovery of superconductivity opened theory that completely and satisfactorily 
the way for some interesting studies con- explains it. This article is limited to a de- 
cerning the structure of solids. tailing of some experimental facts; the 

The first experiments to be conducted explanations thatare offeredarelittlemore 459 

showed that the resistance of a metallic than phenomenological and intuitive. 
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THE DISCOVERY OF SUPERCONDUCTIVITY 


—This graph constitutes a record of the mea- 
surements made by Kamerlingh Onnes during 


the experiment that led to the discovery of 
superconductivity. The temperatures to which 
the specimen of solid mercury was reduced 
are plotted as the abscissa, and the values of 


the electric resistance (in ohms) are shown 


by the ordinate. The graph shows that the 


resistance of the metal began to decrease at 


a temperature of about 4.29° K (—451.68° F) 


and that it practically reached zero at about 


4.25° K. In other words, this decrease in re- 
sistivity occurred with a change of about a 


twenty-fifth of a degree of absolute tempera- 
ture, about 0.04° K (0.07° F). 


Scientists found that the ordinary methods 
of measuring resistance did not permit the 
establishment of the fact that the value of the 
resistance was effectively very low; therefore, 
another kind of experiment was devised, one 
in which electrons could be made to flow in 
a closed coil. At Leiden in 1948, a solenoid 
consisting of 700 m (2,296 ft) of lead wire was 
constructed and then turned into a supercon- 
ductor through a lowering of the temperature, 
This solenoid was then subjected to an 
electromagnetic-induction phenomenon, which 
produced the current in it. In an ordinary so- 
lenoid, even one made of good conducting 
materials such as copper or silver, this cur- 
rent would have been dissipated almost in- 
Stantaneously. In the 1948 Leiden experiment, 
on the other hand, the most sensitive measur- 
ing systems were incapable of detecting any 
appreciable variation in this current for at 
least 24 hours after its induction, although the 
intensity of the current should have decreased 
in an exponential manner. It was therefore 
Possible to deduce that the resistance must 
have been at least 10'” times less than that 
exhibited by lead at ordinary temperatures; 
Moreover, it must have been about 10'° times 
less than the resistance that lead could be 
expected to have at absolute zero if, ignoring 
the phenomenon of superconductivity, the val- 
ues of the resistance that had been observed 
as the temperature of the lead was being 
lowered had been extrapolated. 

In the course of a subsequent experiment a 
current of several hundred amperes was in- 
duced in another solenoid; once again, ordi- 
nary means of measurement were unable to 
detect any variation in the current during a 
period of one year. The results of this experi- 
ment suggest that the value of the resistance 
is at least a thousand times less than the value 
that had been deduced from the Previous ex- 
periment. 
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THE EFFECT OF MAGNETIC FIELDS—in 1913, 
a short time after Kamerlingh Onnes discov- 
ered the phenomenon of superconductivity, 
the same scientist made another discovery. 
The phenomenon of superconductivity and the 
existence of conductors with zero resistance 
had led Onnes to deduce that very thin con- 
ductors could be made to Carry currents of 
exceptional intensity. Nevertheless, the experi- 
ment set up to confirm this hypothesis failed 
completely, thereby showing that it was not 
Possible to obtain currents of any desired in- 
tensity. A normal conducting wire can be 
changed into a Superconductor by lowering its 
temperature below the critical value; however, 
if a very strong current passes through such a 
conductor, the Superconductivity of the mate- 
rial is destroyed and the wire again acquires 
the properties of a normal conductor. 
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Particle to Potable Water 


KEY TO PRONUNCIATION 


The diacritical marks are: 


ə banana, abut e bet th thin 
ə preceding l, m, n é beat th then 

as in battle i tip ü rule, fool 
ô electric ī bite ù pull, wood 
er further j job, gem ue German 
a mat y sing hiibsch 
a day 6 bone te French rue 
4 cot, father ò saw, all yü union 
au now, out òi coin zh vision 


' mark preceding the syllable with strongest stress, 
, mark preceding a syllable with secondary stress. 


The system of indicating pronunciation in these volumes is used by permission 
from Webster's Third New International Dictionary, copyright 1961 
by G. & C. Merriam Co., Publishers of the Merriam-Webster Dictionaries. 


particle 


particle \'piirt-i-kal\ n. 
CHEMISTRY and puysics. A very small piece of matter, usually 
smaller than can be seen in a microscope; technically, a piece 


of matter smaller than 250 millimicrons in diameter. DEE 


A subatomic parricte is smaller than an atom. 


particle accelerator \'piirt-i-kol ik-'sel-a-,rat-ar\ 
PHYSICS. A device that can give high speeds to bits of matter ap- 
proximately the size of atoms and can direct them to a target; 
any one of several devices, such as the betatron, synchrotron or 


Van de Graaff generator. PARTICLE ACCELERATOR 


The first artificial nuclear disintegration was achieved by using 
high-speed protons from a PARTICLE ACCELERATOR. 


Pascal’s law \pa-'skalz ‘lo\ 
pnysics. A principle stating that pressure applied to an enclosed 
fluid is transmitted undiminished in all directions within the 
fluid and to the sides of its container, 


The hydraulic lift is an application of pascat’s LAW. 


passive immunity \'pas-iv im-'yii-nat-é\ 
MEDICINE. Resistance to a specific disease, induced by one or 
more injections of antibodies that were previously formed in 
the blood of another person or animal; see natural immunity. 


An injection of serum from the blood of horses or cattle pre- 
viously immunized against tetanus toxins will give a human 
being an immediate passive immunrry to tetanus. 


pasteurization \,pas-cho-ra-'z4-shon\ n. 
CHEMISTRY. A process of heating milk or other food products 
to a temperature of approximately 150° F, for about thirty 
minutes, followed by rapid cooling. The process kills or de- 
activates the bacteria that cause infectious diseases and de- 
lays souring or fermentation. 


After pasteurization, milk must be covered and kept cool in 


order to retain the effects of the process. i) 
w À 
pathogenic organism \ipath-ə-'jen-ik 'òr-gə-niz-əm\ P 
BIOLOGY and MEDICINE. A parasitic microorganism that will pro- LOR e 
duce disease when established in a host. DIPLOCOCCUS 


GERMS 


The PATHOGENIC ORGANISM diplococcus is a bacterium that 
causes lobar pneumonia, 


PATHOGENIC ORGANISM 
pathology \pə-'thäl-ə-jē\ n, 
MEDICINE. The study of the nature of disease, especially the 
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PEAT 


pediatrics 


functional and structural changes in body tissues and organs 
that may cause, or be caused by, the disease. 


Clinical paruo.ocy is concerned with the diagnosis of human 
diseases. 


pearl \'por(-a)l\ n. 
zooocy. A hard, smooth, lustrous calcium carbonate structure 
found in such two-valved mollusks as oysters and clams, The 
structure is secreted by the mantle in concentric rings around 
parasites or other foreign bodies lodged between the mantle 
and shell. 


A peart of gem quality may be cultured by introducing a 
grain of sand between the mantle and shell of an oyster. 


peat \'pét\ n. 
BOTANY and EARTH SCIENCE, A dark-brown substance usually 
found in swampy areas and composed of partially-decayed and 
partially-disintegrated mosses, grasses, trees and other plant 
matter. 


pear is the first stage in the natural conversion of plant materials 
to coal. 


pebble \'peb-al\ n. 


EARTH SCIENCE. A small rock fragment from 2 to 64 mm. (he 
to 2% inches) in diameter. 


A peppe is usually rounded by the abrasive action of running 
water, 


pectin \'pek-ton\ n. 
BOTANY and CHEMISTRY. One of a group of carbohydrates that 
occurs in such ripe fruits as apples, grapes and plums, Pectin 
dissolves in boiling water. After cooking with sugar solutions 
or fruit juices, it forms a gel when cooled. 


pectin is contained in the walls of some plant cells, 


pedalfer \po-'dal-for\ n. 
EARTH SCIENCE. A major soil type characterized by an accumu- 
lation of iron oxides and clay in the layer ( B-horizon) just under 


the topsoil. 


pepatrer is found in the eastern half of the United States and 


most of Canada. 


pediatrics \ péd-é-'a-triks\ n. 
epicine. The branch of medicine that deals with the develop- 
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pedicel 


ment and hygienic care of children and with the prevention and 
treatment of children’s diseases. 


A physician who specializes in pepiatrics is known as a pedia- 
trician, 


pedicel \'ped-a-,sel\ n. 
1, sorany, The stem of an individual flower in a flower cluster; 
also, the smallest branch of a peduncle. 2. zoonocy. A short, 
stalklike part of an animal by which another, larger part is 
attached. 


A reicet displays its flower away from the main stalk of a 
flower cluster. 


pedocal \'ped-o-,kal\ n. 
EARTH SCIENCE. A major soil type characterized by calcium car- 
bonate and a lesser amount of magnesium carbonate in the layer 
(B-horizon) just under the topsoil (A-horizon). 


PepocaL is found in the western half of the United States and 
in southern Alberta and Saskatchewan in Canada. 


peduncle \'pé-,dan-kal\ n. 


BOTANY. The main stalk of a flower cluster or of a single flower. 


The enlarged or elongated end of the repuncte is called the 
receptacle, 


pegmatite \'peg-mo-,tit\ n. 
EARTH SCIENCE, A coarse-grained igneous rock occurring as a 
dike or large vein and composed principally of large feldspar 
and quartz crystals in granite, It may also contain mica, topaz 
and rare-earth minerals, 


A single feldspar crystal over 40 feet in length has been found 
in A PEGMATITE, 


Peking man \'pēk'kiy 'man\ 
ZooLocy, A primitive form of man known from fossil remains 


found in a caye near Peking, China, It is believed that he lived 
about 500,000 years ago, 


The brain of PEKING MAN was smaller than that of present-day 
man, 


pelagic \po-'laj-ik\ adj. 
BIOLOGY and EARTH SCIENCE, A zone or layer of water that is 
independent of both the bottom and the shore. 


Waters in the peracic zone of the sea are classified on the basis 


of available light, the euphotic being the lighted zone and the 
aphotic the unlighted. 
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peptic 


pelvis \'pel-vəs\ n. 
ANATOMY and zootocy. A basin-shaped ring of bones that 
forms the supporting floor of the abdominal cavity; also, any 
basinlike cavity within an organ, as within the kidney. 


The vexvis of a male human being is usually smaller in propor- 
tion to the rest of his body than is the pelvis of a female. 


peneplain \'pén-i-,plan\ n. 
EARTH SCIENCE. An extensive, nearly-level surface that has been 
formed by erosion. 


PENEPLAIN is used only in referring to a very large area. 


penicillin \,pen-o-'sil-on\ n. 
MEDICINE, An antibiotic substance obtained from cultures of a 
mold, Penicillium notatum, and used effectively in the treat- 
ment of a number of diseases and infections. Penicillin was the 
first of a group of compounds known as miracle drugs, 


PENICILLIN is especially effective in the treatment of infections 
caused by some strains of coccus bacteria. 


peninsula \po-'nin(t)-so-lo\ n. 
EARTH SCIENCE, A piece of land projecting out into the water 
from the mainland. It is almost surrounded by water and con- 
nected by a narrow strip to the mainland. 


A PENINSULA is land that, because of its location or composition, 
has not been destroyed by wave action. 


pentagon \'pent-i-,gan\ n. 
MATHEMATICS. A closed plane figure, or polygon, that has five 
sides, 


The sum of the interior angles of @ PENTAGON is 540 degrees. 


penumbra \po-'nem-bra\ n. 
astronomy and puysics, A region of partial illumination that 
surrounds the dark inner shadow, or umbra, of an intervening 
body; also, the shaded region around the darker, inner part of 
a sunspot. 
Penumbral lunar eclipses occur when the moon passes through 
the penumsra of the earth's shadow and result in weakened 


moonlight. 


peptic \'pep-tik\ adj. 
puysioLocy, Referri 
pepsin. 
PEPTIC processes are inhibited by exercise. 


ng to digestion or the digestive enzyme 
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peptone 


one \'pep-tdn\ n. 
pen pa PHYSIOLOGY, One of the complex, soluble sub- 
stances formed by the digestive action of enzymes on protein, A 
peptone is formed by the partial hydrolysis of protein and is one 
step removed from the final product, a mixture of amino acids. 


A PEPTONE undergoes further digestion by pancreatic and in- 
testinal juices, 


percent \pər-'sent\ n. 
MATHEMATICS. Hundredth, or by the hundred; denoted by the 


symbol D. NOA 
To find 6 vencenr of a quantity, multiply the quantity by 6/100, K 
or 06. 
percolate \'por-ka-,lit\ v. 
chesustny, To circulate a liquid through fragments or pores of 
4 solid mixture. In the pi » the liquid extracts soluble sub- MYOCARDIUM 


stances from the mixture, 


Coffee is often prepared by causing hot water to pencouate 
through ground coffee beans. 


percolation bed \,por-ko-'li-shon 'bed\ 
CHEMISTRY and ENGINEERING. Layers of porous or granular ma- 
terial through which a liquid is passed as a means of trapping 
and removing some impurities. r 


One method of purifying water is allowing it to trickle slowly 
through a PERCOLATION BED of sand, gravel or charcoal, 


perennial \pə-'ren-ë-əl\ adj. 
Botany. Referring to a plant that persists in whole or part 
throughout the year and that lives from year to year; also see 
annual and biennial, 


The roots of the venenntAn, oriental poppy survive the winter 
in temperate zones, 


pericardium \,per-a-'kiird-é-om\ n. 
ANATOMY and ZzooLocy, A double-layered, saclike membrane 
that surrounds the heart and is attached to the central tendon E 
of the diaphragm, CROSS-SECTION OF LIMI 


The heart functions in a fluid medium that is contained by the 
PERICARDIUM, 

pericarp \'per-a-,kiirp\ n. 
BOTANY. An enlarged, mature ovary that encloses seeds, 


= growths from the vericanr form the fleshy part of a 
ime, 
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pericycle \'per-ə-sī-kal\ n. 
Botany. A layer of thin-walled cells that occurs between the 
cylinder of conductive tissues and the endodermis in stems and 
roots. 


By cell division, the vesicyci gives rise to the tissues that pro» 
duce lateral roots. 


perigee \'per-a-(,)j@\ n. 
ASTRONAUTICS and ASTRONOMY, The point nearest the earth in 
the path, or orbit, of the moon or of an artificial satellite; oppo- 
site of apogee. 


At pence, the moon is about 221,500 miles from the earth, 


perihelion \,per-o-hel-yon\ n. 
stnonomy, The point that is nearest the sun on the orbit taken 
by a planet, comet or other celestial body as it travels around 
the sun; opposite of aphelion. 


In early January, the earth is at VERWIFIAON. 


perimeter \pa-'rim-at-or\ n. 
MaTiematics, The sum of the lengths of the sides of a polygon; 
also, the length of, or the distance around, a closed curve, 


The vemaceren, or circumference, of a circle equals its radius 
times 2» (pi). 


period \'pir--od\ n. s 
1. kann scence, A division of geological time, longer than 
an epoch and shorter than an era, that is characterized by the 
formation of certain rock strata or fossils in a definite sequence. 
2, asrnonomy, The time it takes a planet, satellite, star or other 
body to revolve around another astronomical body. 3. rysa. 
The time it takes a series of events, or a cycle, to start, happen 
and begin to repeat itself. 

Many coal beds were formed during the Pennsylvanian remon 
of the Paleozoic era. 


periodic law \,pir-é-iid-ik "10\ 
cawatsmny, The chemical law stating that the properties of 
chemical elements vary periodically when the elements are ar- 
ranged in order of increasing atomic numbers. 


By the use of the PENODIC LAW, the properties of a family of 
elements can be learned from the known properties of one ele- 
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periodic table 


periodic table \,pir-ë-'äd-ik 'ta-bal\ 
CHEMISTRY. A systematic arrangement of the chemical elements 
into periods and groups. The elements are divided into periods 
on the horizontal rows and into groups in the vertical columns, 
arranged so that elements are in order of increasing atomic 
numbers. The elements in a given vertical column have similar 
properties; see periodic table, page 620. 


The main value of the prrtovic TABLE is its organization of the 
elements into a logical and understandable pattern that makes 
study of the elements easier. 


peripheral nervous system \pə-'rif-(ə-)rəl 'nar-vas 
'sis-tom\ 
ANATOMY and zootocy. All of the nerves outside the brain and 
spinal cord (central nervous system); in man, the 12 pairs and 
one single cranial nerve, the 31 pairs of spinal nerves and the 
nerves and ganglia of the autonomic nervous system. 


The nerves of the PERIPHERAL NERVOUS system branch to all 
parts of the body and carry impulses both toward and away 
from the central nervous system. 


peristalsis \,per-a-'stol-sas\ n, 
prysioLocy. The wavelike muscle contractions in the walls of 
various hollow organs of the body, as in the esophagus during 
swallowing. 


Ringlike muscles and lengthwise muscles contract alternately 
during peRIsTALSIS, 


peritoneum \,per-at-°n-'é-am\ n. 
ANATOMY and zootoey. A thin membrane that lines the abdom- 
inal cavity and covers the soft organs in the body. It is made 
up of cells that produce a colorless, serous, or watery, fluid. 


The mesentery is a double layer of perrroneum that supports 
the small intestine, 


permafrost \'por-ma-,frdst\ n. 
EARTH SCIENCE. A layer of ground a few inches below the sur- 


face that remains frozen the year around. It occurs at high 
altitudes and in polar regions, 


Highway construction in Alaska and northern Canada is diffi- 
cult because rermarrosr hinders excavation in these regions. 


permanent hardness \'perm-(a-)nent 'härd-nəs\ 
CHEMISTRY. A condition of water resulting from dissolved cal- 
cium and magnesium compounds that cannot be removed from 
solution by boiling and that cause the water to require large 
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amounts of soap to form suds, Such water may be softened by 
adding washing soda or borax. 


Mineral ions that cause PERMANENT HARDNESS are removed from 
water by an ion-exchange process in home water-softening 
units, 


permanent magnet \'parm-(o-)nont 'mag-not\ 
puysics. A magnet that keeps its magnetic properties after the 
original magnetizing force is taken away. 
Alnico, an alloy of iron, nickel, aluminum and cobalt, makes a 
good PERMANENT MAGNET. 


permanganate \(,)por-'mayj-go-nat\ n. 
cuemistry. Any one of a group of compounds that contain the 
permanganate ion M,O,~. The most common is potassium per- 
manganate that, in solution, is sometimes used as a disinfectant. 
A PERMANGANATE, like the salts of all peracids, is a good oxi- 
dizing agent. 


permeability \,por-mé-a-'bil-at-2\ n. 
puysics. The property of a substance that allows it to conduct 
or absorb magnetic lines of force; also, the property of a solid 
that permits fluid molecules or dissolved substances to diffuse 


into and through it. 


The magnetic PERMEABILITY of iron is greater than that of air. 


permutation \,por-myt-'ti-shon\ n. 
MATHEMATICS, An arrangement of a given set of elements in a 
specific order; a one-one transformation, or mapping, of a finite 
set into itself. 
One permutation of the set of letters a, b and c is ach, while 
other possible permutations are abe, bac, bea, cab and cha, 


peroxide \pə-'räk-,sīd\ n. 
cuemisrry. A compound in which there is a high proportion of 
oxygen. 
A peroxme commonly used as a bleaching agent is hydrogen 
peroxide, H,Oz. 


perpendicular \,par-pan-'dik-yo-lar\ n. 
MATHEMATICS. A straight line or plane that intersects another 
line or plane so that adjacent right angles are formed at the in- 
tersection. 
A PERPENDICULAR drawn from a vertex of an acute triangle to 
the opposite side creates two right triangles. 
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perpetual motion \par-'pech-(o-)wal 'mé-shan\ 
puysics. In theory, constant motion that continues indefinitely 
and that involves no transfer of energy. Such motion can oc- 
cur only when an object moves in a frictionless medium and no 


external forces act on it. 
All of man’s efforts to produce perperuaL Motion have failed. 


perturbation \,part-ar-'ba-shan\ n. 
1. astronomy, The variation between the computed orbit of a 
celestial body and its observed orbit, caused by gravitational 
forces of other bodies on the celestial body. 2. prysics. The de- 
parture of a particle from its predicted path, due to some cause 
other than collision, 


The PERTURBATION of Neptune from its computed orbit led to 
the discovery of Pluto. 


petal \'pet-*l\ n. 
Botany. One unit of the inner floral envelope of a flower. A 
petal is often leaflike and colored. 


The scent, structure and color of a veraL may be adaptations 
that attract pollinating insects and birds. 


PETIOLE 


petiole \'pet-é-6l\ n. 
1. Borany, The stalk that joins a leaf to a stem. 2, zooLocy. A 
stalklike part. 


A honey locust leaflet does not have a rerio. 


petrifaction \,pe-tro-'fak-shan\ n. 
EARTH SCIENCE, The process by which the remains of plants or 
animals are changed into stone or a stonelike substance and by 
which they are preserved as fossils, The change is a chemical 
reaction, 


Silica and calcium carbonate are two common substances in- 
volved in PETRIFACTION, 


petrified wood \'pe-tra-,fid ‘wad \ 
EARTH SCIENCE, Wood that has been infiltrated by silica, which 
has replaced the woody material cell by cell. Petrified wood is 
usually found in the form of fallen logs, tree trunks and stumps. ENSE 


The microscopic structure of cells is preserved and can be iden- 
tified in perRirED woop, 


petroleum \pə-'trō-lē-əm\ n. 
CHEMISTRY and EARTH SCIENCE, A naturally-occurring oily liquid 
that ranges in color from light amber to black and that is the 


phase 


crude oil or raw material used in the production of gasoline, 
kerosene, paraffin and asphalt; also, a mixture composed prin- 
cipally of many different hydrocarbon compounds. 


Many geologists believe that retroLeum is formed by some 
underground or underwater process that accompanies the de- 
composition of dead plant and animal matter. 


petrology \pə-'träl-ə-jë\ n. 
EARTH SCIENCE and ENGINEERING. The study of rocks; the science 
of rock origin, structure, composition and alterations. Petrology 
also includes the study of ore and mineral deposits. 


Mining and civil engineers, geologists and agronomists are 
among those who need a knowledge of rerrovocy. 


pH 
A symbol pertaining to the pH scale, See pH scale, 


phagocyte \'fag-a-sit\ n. 
MEDICINE, PHYSIOLOGY and zooLocy. Any body cell that ingests 
by engulfing foreign bodies for food, is amoeboid in action 
and is capable of moving through tissue; in vertebrates, a blood 
corpuscle that feeds on bacteria; in man, certain white blood 
corpuscles that ingest microorganisms, cell fragments and for- 
eign particles within body tissues. 


A puacocyre leaves the bloodstream and enters infected tissue 
where it ingests, or devours, the organisms causing the infec- 
tion. 


pharmacology \fär-mə-'käl-ə-jë\ n. 
mepicine. The science that includes the study of drugs and 
chemicals and their effects on man and animals. , 


Standardization of vitamin capsule purity and content is a typi- 
cal concern of PHARMACOLOGY, 


PHARYNX pharynx \'far-in(k)s\ n. 
ANATOMY and ZooLocy, A saclike part of the digestive tract in 
animals, located at the back of, or behind, the mouth. 


In man, the vHanynx is continuous with the esophagus below it. 


phase \'fāz\ n. 
1. asrnonomy. Any one of the changing and recurring stages 
of the apparent illumination of the moon or planets. 2, BIOLOGY. 
Any one of the five stages of mitosis in the development of a 
plant or animal cell. 3, zoococy. Any one of several skin or 
body-cover variants, especially among amphibians. 4. caenis- 
try. A state of matter, such as a solid, liquid or gas; also, in a 
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mixture, a solid, liquid or gas that has boundaries between it 
and other parts of the mixture. 5, puysics. A particular point, 
place or stage in a series of events. 


From first quarter to full and from full to third quarter, the 
moon is in the gibbous PHASE. 


phenol \'fé-,ndl\ n. 
chemistry, CyH;OH. A soluble, crystalline compound, pro- 
duced from coal tar and used as a starting compound in the 
manufacture of many dyes, plastics and explosives. It is a 
powerful caustic poison; also called carbolic acid. 


Although vreNon is corrosive to the skin, a dilute solution in 
water is sometimes used as a disinfectant. 


phenolphthalein \,fé-,ndl-'thal-é-on\_n. 
CHEMISTRY, A chemical compound frequently used to indicate 
whether a solution is acid or alkaline. It turns red under alka- 
line conditions and is colorless under acid conditions. 


PHENOLPHTHALEIN turns red in a solution of pH 9 or higher 
and is colorless in a solution of less than pH 9. 


phenomenon \fi-'niim-o-,niin\ n. 
A fact or occurrence that may be described and explained on 
a scientific basis; sometimes, an unusual or rare fact or 
occurrence, 


The aurora borealis is a pHeNOMENON caused by electrical dis- 
turbances in the atmosphere. 


phenotype \'fé-no-,tip\ n. 
wioLocy. The physical appearance of an organism, resulting 
from its genetic makeup; see genotype. 
A dark-eye ruenoryrr may have a hybrid (Bb) or pure (BB) 
genotype. 


phloem \'fl6-,em\ n. 
BOTANY, Food-conducting tubular tissue, and associated tissues, 
in seed plants and ferns, which transports organic nutrients both 
up and down; see xylem. 


Maple syrup is made from sap taken from the puvoen of sugar 
maples, 


phosphate \'fas-fat\ n. 
CHEMISTRY. Any one of a number of compounds formed from 
phosphoric acid, H,PO,, by replacing one, two or three of its 
hydrogen atoms with metallic ions. Some of these compounds 
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are used as cleansing agents, fertilizers or as water softeners, 


Adenosine triphosphate (ATP) is a rnosruare. having an im- 
es function in producing energy for muscular action in 
a 


phosphor \'fas-far\ n. 
CHEMISTRY and Prysics. Any substance that gives off light when 
energized by the absorption of some form of energy, such as 
electricity or chemical energy. 


Luciferin, the ruosrnon in the abdomen of fireflies, gives off 
light when it is energized by certain biochemical reactions. 


phosphorescence \,fas-fo-'res-°n(t)s\ n. 
CHEMISTRY and prysics. An emission of light from a substance 
after the energy source that stimulated the light emission is 
removed. 


Zinc sulfide may display ruosruorescencr for as long as ten 
hours after being energized by sunlight. 


phosphorus \'fas-f(a-)ras\ n. 

CHEMISTRY. A solid, nonmetallic element that is too active chem- 
ically to be found uncombined in nature, and that occurs in five 
different forms (allotropes), Symbol, P; atomic number, 15; 
atomic weight, 30.9738. 

The yellow allotrope of vuosvnonus, a waxy solid, oxidizes 
readily in air, but the red allotrope, a nonorystalline powder, 
does not. 


phot \'fét\ n. 
puysics. A unit of illumination equal to one lumen per square 


centimeter. 
A puor may be used for measuring the light emitted by a tele- 
vision picture tube. 


photochemistry \,fot-3-'kem-a-stré\ n. 
cuemistny and puysics, A branch of science that deals with 


PHOSPHORESCENCE y : 
ies “af 
ane chemical reactions that are caused, or started, by light. 


Scientists working in rnorocnemismy concentrate much effort 
toward understanding photosynthesis. 


photoconductivity \ fot-d-,kiin-,dak-'tiv-at-8\ n. 
puysics. An increase in the electrical conductivity that certain 
solids, usually crystals, show when they absorb light. 
Selenium, germanium and lead sulfide are three substances that 


show PHOTOCONDUCTIVITY. 
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photoelectric cell 


photoelectric cell \,ft-o-wa-'lek-trik 'sel\ 

ENGINEERING and puysics, An electronic device that produces 
an electric current only when light strikes it. A photoelectric 
cell utilizes a metal, such as potassium, that gives off electrons 
in proportion to the intensity of light rays falling upon it; also 
called electric eye. 

A PHOTOELECTRIC CELL can be connected to a telescope in such 
a way that it measures changes in the brightness of a distant 
star, 


photoelectric effect \,fot-a-wa-'lek-trik i-'fekt\ 
paysics. The action by which certain substances give off free 
electrons as a result of absorbing light energy. The effect is 
typical of such metals as cesium and sodium, 


The electric eye makes use of the pHotorLEcrRIC EFFECT, 


photometry \f6-'tiim-o-tré\ n. 
puysics. The scientific study of light measurement. It is con- 
cerned with the intensity, output, illumination, distribution, 
reflection and colors of light. 


In puotomerny, a device called a photometer is frequently used 
to make measurements of light intensity. 


photomicrograph \\fot-o-'mi-kra-,graf\ n. 
Paysics. A picture taken of a microscopic object through a 
microscope. 


A PHoromicrocrarn of bacteria is a convenient reference in 
the study of bacteriology. 


photon \'f6-,tiin\ n. 
PHYSICS, A unit of light energy equal to the quantum. It is con- 
sidered to be a package, or bundle, of electromagnetic radia- 
tion that cannot be broken into smaller units and that travels at 
the speed of light; see quantum and quantum theory of radia- 
tion, 


By absorbing a rnoron, an electron of an atom may gain 
enough energy to escape from the atom. 


photoperiodism \f6t-o-'pir-é-0-,diz-am\ n. 
BioLocY, The reaction of plants and animals to the length of 
light each day. The amount of light regulates the time of flow- 
ering among certain plants and the time of molting among cer- 
tain fur-bearing animals, 


Nurserymen make use of the puororERionism of chrysanthe- 
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mums by controlling the length of light exposure to produce 
flowers for a longer season, 


photosensitive \,fot-a-'sen(t)-sot-iv\ adj. 
CHEMISTRY and prysics. Referring to a substance that will un- 
dergo a chemical change, emit energy or produce some other 
effect as a direct result of absorbing radiant energy, especially 
light energy. 


The emulsion on photographic film is PHOTOSENSITIVE, 


photosphere \'ft-a-,sfi(a)r\ n. 
ASTRONOMY. The visible, gaseous layer that surrounds the sun 
or other stars, The photosphere of the sun has a thickness of a 
few hundred miles and a temperature of about 5,500° C. 


Granules, sunspots and faculae all appear in the sun's puoro- 
SPHERE. 


photosynthesis \,fot-a-'sin(t)-tho-sas\ n. 
BOTANY and CHEMISTRY, The process by which sugar is manu- 
factured in plant cells, It occurs through the combination of 
carbon dioxide and water in the presence of light and the 
catalyst chlorophyll, and is summarized by the equation 6CO, 
+ 6H,O > CaH,:0. + 60%. 


Through ruorosynruesis, plants manufacture their own food. 


phototransistor \,f6t-a-tranz-'is-tor\ n. 
ENGINEERING and prysics, A semiconductor device that acts 
as a photoconductive cell. 


The exposure meter used by photographers contains a ruoro~ 
‘TRANSISTOR that measures light intensity and activates a read- 


able scale, 


phototropism \f6-'tii-tro-,piz-om\ n. 
piovocy. A movement reaction to light by plants and animals, 
The movement may be toward or away from light (positive or 
negative phototropism) and can be influenced by the wave- 
length of the light. 


Moths that fly toward porch lights show positive ruoroTnorisM, 
while plant roots show negative phototropism. 


phototube \'fot-a-,t(y)iib\ n. 
puysics. A vacuum tube in which light strikes a photosensitive 
surface, causing free electrons to be given off. The electrons 
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PH scale 


move toward a positively-charged plate, forming an electric 
current. The number of electrons released depends on the in- 
tensity of the light. Such a tube is often used where light in- 
tensity must control the flow of electric current. 


A puororuse is used in the device that reproduces sound re- 
corded on a motion picture. 


pH scale \pé-'ach 'skal\ 
CHEMISTRY and prysics. A numerical scale from 0 to 14, used 
to express the relative acidity or alkalinity of solutions. The 
actual value of a given solution is determined by the concentra- 
tion of hydrogen (hydronium) ions in a solution in which water 
is the solvent. On the scale, 7 is neutral, values greater than 7 
are alkaline and values less than 7 are acid. 


Because the pH scare is logarithmic, a solution with a pH value 
of 5 is ten times as acidic as a solution with a pH of 6. 


phylogeny \fi-'lij-o-né\ n. 
BioLocy. The evolutionary history of a species or a race; see 
ontogeny. 
The development, or ontogeny, of the human embryo appears 
to represent the PHYLOGENY of man. 


phylum \'fi-lom\ n. 
BIOLOGY. A division of animal and plant classification that in- 
cludes one or more classes and is itself included with other 
phyla in a kingdom. 


Man belongs to the kingdom Animalia, the PHYLUM Chordata 
and the class Mammalia, 


physical change \'fiz-i-kal 'chānj\ 
PHYSICS, A change in the physical state or properties of a sub- 
stance. This change occurs through such Processes as melting, 
evaporating and dissolving and does not result in a new sub- 
stance with different chemical properties, 


Alcohol undergoes a PHYSICAL CHAN: liquid 
ne GE from a liquid to a vapor 


physical chemistry \'fiz-i-kal 'kem-a-stré\ 
cuemistry, The branch of science that deals with physical 
changes that accompany or cause chemical reactions, 
A large part of prysicat CHEMISTRY is concerned with proper- 
ties of, and chemical changes in, solutions. (ks 


physical Property \'fiz-i-kol 'präp-ərt-ē\ 
A quality or characteristic of a substance or body, such as den- 
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sity or electrical conductivity, The quality or characteristic does 
not involve a chemical change. 


Electrical conductivity is a puysicar rrorenty of silver. 


physicist \'fiz-(o-)sast\ n. 
puysics. A person who is trained in, and who works in, the sci- 
ence of physics. 
A pnysicisr may specialize in such areas as biophysics or astro- 
physics. 


physics \'fiz-iks\ n. 
The branch of science dealing mainly with matter and energy 
and their interactions, It is subdivided into such areas as me- 
chanics, optics, electricity, magnetism, acoustics and radiation. 


Nuclear physics, one of the most recently-developed areas 
of rnysics, includes the study of atomic fission and atomic 


fusion. 


physiologist \,fiz-ē-'äl-ə-jəst\ n. 
puysioLocy. One trained in the science of physiology. 


A doctor is, to a large extent, a PHYSIOLOGIST. 


physiology \,fiz-č-'äl-ə-jë\ n. 
The science that deals with the functions of cells, tissues, organs 
and systems in living organisms, 


The study of photosynthesis is one phase of plant rysiovocy. 


pi \'pi\ n. 
matematics, The Greek letter 7, a symbol for the ratio of 
the circumference of a circle to its diameter, having an approxi- 
mate numerical value of 3.14159. 


The area of any circle is found by multiplying the square of its 
radius by Pi. 


piezoelectric effect \pé-.fi-(,)z0-0-‘lek-trik i-'fekt\ 
puysics. The phenomenon by which an electric voltage is pro- 
duced between opposite ends of certain crystals when pressure 
is applied so that the crystal is shortened slightly; also, the re- 
verse effect by which an applied voltage causes a crystal to ex- 
nd or contract. Most practical applications involve vibrations 
rather than single movements, and alternating rather than di- 


rect current. 


The prezoruectnic errect of a phonograph pickup crystal 
changes needle vibrations into electric pulses. 
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pigment 


t \'pig-mant\ n. 
pe AA na A finely-powdered, insoluble material used as a 
coloring agent in paints, cosmetics and ceramics. 2. BIOLOGY. 
A color-producing substance found in the tissues and cells of 
animals and plants, 


Titanium dioxide is a white ricenr used in many house 
paints. 


pile \pi(o)l\ n. 
1, prrysics. A nuclear reactor, 2. ENGINEERING. A concrete, wood 
or steel post driven into the ground to support a building, wharf 
or other structure, 


Pite was used to describe the first nuclear reactor, which was 
constructed by piling up blocks of graphite and chunks of 
uranium and uranium oxide, 


pillow lava \'pil-(,)ō 'läv-ə\ 
EARTH SCIENCE. Flows of lava that spread out into seas and lakes 
where they hardened into pillowlike masses. 


PILLOW LAVA may form when lava enters directly into the water 
from an underwater source. 


pilot balloon \pi-lot_ba-'liin\ 
EARTH SCIENCE. A small balloon sent aloft by weather observers 
to determine the speed and direction of wind, 


The vitor BALLOON is sometimes used in determining the height 
of a cloud ceiling, 


flowing in the same direction through a conductor produce 
magnetic fields that attract each other, producing a Squeezing 
force that can be large for currents of 100,000 amperes or more 
if the conductor is about one inch in diameter, The squeezing 
force is most noticeable if the conductor is a plasma, an ionized 
gas or a liquid. 


The vixen rrrecr has been used in attempts to produce sus- 
tained nuclear fusion in a deuteron plasma. 


pineal body \'pin-ē&-əl 'bäd-ē\ 


ANATOMY and ZOOLOGY, A cone-shaped gland located in the 
midbrain of man and present in all vertebrates, Thought to be 


a vestigial sense organ, it sometimes resembles an eye but has 
no known function, 


The two main parts of a vtxeat. Bovy are the pineal eye and the 
pineal organ, 
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pinhole effect \'pin-,hl i-'fekt\ 
puysics, The phenomenon by which an image of an object is 
formed on a screen by light passing through a very small open- 
ing in an opaque piece of cardboard or similar material. 
A simple camera using the vixnoue nerece requires a much 
longer exposure time than a camera with a lens, 


pinnate \'pin-,at\ adj. 
porany. Resembling, or referring to, the leaf pattern formed by 
leaflets that are opposite each on the petiole or that alter- 
nate on the sides of a single midrib; also, referring to a pattern 
of side veins from a midrib on a leaf. 


The leaflets of the locust tree are PINNATE. 


pioneer biome \,pi-o-'n(i)r ‘bi-,6m\ 
pioLocy and eanth science. One of the four major ecological 
divisions of the earth, the others being edaphic, climatic, and 
climax biomes, 
In a rionren mome, the influence of the physical environment 
is at a maximum, with the pioneer vegetation generally en- 


\'pist-®I\ 
aT in a flower, The pistil 


porany. The female reproductive 
is centrally located and usually Pi sc oat style and 


stigma, 
Pollen adhering to the stigma of the rsru, may germinate and 
grow down through the style to the ovary. 


pistillate flower \'pis-to-,it ‘flau(-o)r\ 
norany. A flower that has pistils but no stamens, or no func- 
tional stamens, 


A risrmtare rLowen is sometimes called an imperfect flower, 


piston \'pis-ton\ n. 

seamen clpebfiting did or silid aylinde Hal false 
smoothly up and down in the barrel of a pump or in the hollow 
cylinder of an engine. 

Ina gasoline engine, a piston ring provides airtight seal be- 
piel mee: nadra aster) 


\'pich\ n. 
Se E picky olen dite from the dis- 
tillation of coal or petroleum; also, an amber, resinous substance 


obtained from certain pine trees. 2. puysics. That property of 
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pitchblende 


a tone determined by its frequency. 3. AERonautics. The move- 
ment of an aircraft, rocket or other vehicle about a lateral axis; 
also, the angle at which a propeller blade or rotor blade meets 
the air. 4. ENGINEERING. The distance between two successive 
threads on a screw, or the distance a screw will advance when 
turned once, 


prrcn is used for roofing, road building and calking. 


pitchblende \'pich-,blend\ n. 
EARTH SCIENCE. The mineral uraninite, mostly UO;, that is a 
black, lustrous, dense mineral ore containing uranium, radium, 
thorium and lead and is the chief ore of uranium. 


The radium and lead found in prrcusuenve are radioactive de- 
cay products of uranium. 


pith \'pith\ n. 
1, Borany. Tissue, made up mostly of parenchyma cells, that 
forms the central core in dicotyledonous stems and roots and 
fills the spaces between vascular bundles in monocotyledonous 
stems and roots. 2, zootocy. The medulla; also, the soft tissue 
cells that form the core of a feather or a hair, 


prt is formed of thin-walled cells that eventually break down, 
leaving a partially-hollow root or stem. 


Pitot tube \,pé-'td 't(y)iib\ 
AERONAUTICS. An open-end tube used, along with a manometer, 
to measure the velocity of a gas or a liquid. The tube is placed 
in a moving fluid with the mouth pointed upstream. 


A prror TUBE is used in most airplane air-speed indicators, 


pituitary gland \po-'t(y)ii-o-,ter-é ‘gland\ 
ANATOMY and zooLoey. A ductless gland made up of two lobes 
and located at the base of the brain. The gland secretes a num- 
ber of different hormones and is one of the most important 
glands of the body; also known as the pituitary body. 


The PITUITARY GLAND secretes hormones that influence such 
glands as the adrenals and the thyroid. 


placenta \plo-'sent-a\ n. 
1. ANAToMy and zootocy, A disk-shaped organ, rich in blood 
vessels and capillaries, that spreads over the inner surface of the 
uterus during the development of an embryo. It is found in most 
mammals. 2. Botany. A part of the ovary wall to which ovules 
are attached. 


The piacenta and its attached umbilical cord carry nourish- 
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ment and oxygen from the mother to the embryo and waste 
products from the embryo to the mother’s bloodstream. 


placer deposit \'plas-ar di-'piiz-at\ 
EARTH SCIENCE. An accumulation of pebbles and sand, contain- 
ing nuggets or flakes of gold, platinum, tin or other minerals, 
Such a deposit results from erosion of solid rocks. 


Minerals are usually extracted from a vuacen vevostr by dredg- 
ing, washing or other hydraulic methods, 


place value \'plis ‘val-(,)yii\ 
MATHEMATICS, The value of a digit in a number as determined 
by its position relative to the units place, 


In 25, 5 is in the units place and the rrace varve of 2 is 20 units. 


plain \'plin\ n. 
EARTH SCIENCE. A relatively-large, level surface of the earth; a 
surface with only small variations in elevation, 


A PLAIN may occur as an extensive valley floor, as a plateau or 


along a coast, 


Planck’s law \'pliiyks 'lò\ 
PHYSICS. A theory stating that electromagnetic radiation inter- 
acts with matter as if the radiation were small bundles of en- 
ergy (quanta), The amount of energy in a particular bundle 
(quantum ) depends on the wavelength of the energy, 


The mathematical expression for vLanck’s Law is E = hy, in 
which E is energy in ergs, v is frequency of radiation in cycles 
per second and h is a constant, 6.624 X 10*” erg-seconds, 


plane \'plin\ n. 
MATHEMATICS. A surface whose points are such that a straight 
line joining any two of them lies in the surface. 


A prane has length and width but no thickness, 


plane geometry \'plān jé-'im-o-tré\ 
MATHEMATICS. That part of geometry dealing with the logical 
treatment and study of the properties, characteristics and re- 
lationships of such plane figures as straight lines, angles, circles 
and polygons. 
PLANE GEOMETRY deals with two-dimensional figures, while 
solid geometry deals with three-dimensional figures. 


plane mirror \'plān 'mir-ər\ 
puysics, A flat, smooth, highly-polished surface that reflects 
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light and forms images. It may be made of metal or glass, 
backed with silver. 


The image seems to be as far behind a prane Minor as the ob- 
ject is in front of it. 


planet \'plan-at\ n. 
ASTRONOMY. Any one of the nine most prominent celestial bod- 
ies that revolve around the sun; also, a similar object that may 
revolve around another star; see table, page 618. 


Pluto, the last ptaner to be discovered, is about 40 times 
farther from the sun than is the earth. 


planetarium \,plan-o-'ter-é-am\ n. 
astronomy, A device that projects a reproduction of the heav- i 
ens, at any given time and place, on the inside surface of a PLANETARIUM 
rounded dome and that duplicates the movements of the sun, 
moon, planets and other celestial bodies; also, the building or 
room having a dome and projector; also, a mechanical model 
of the solar system, 


A PLANETARIUM may be equipped to project the zodiac, eclip- 
tic and solar circles and the Milky Way, as well as the stars, 


the planets and the moon, PLANKTON 


DIATOMS 


plankton \'play(k)-tan\ n. 
BIOLOGY. Floating or weakly-swimming microscopic or near- 
microscopic plants and animals at the surface of a body of 
water, 


The whalebone whale feeds exclusively on PLANKTON. 


plant \'plant\ n. 
Botany. Any living organism not of the animal kingdom, in- 
cluding seed plants, ferns, mosses, algae, molds, lichens and 
bacteria, Plants are usually capable of food manufacture by 
photosynthesis and their cells are often surrounded by cellu- 
lose walls. 


Even though a pLant may appear to be inactive and otherwise 


different from animals, it carries out the same life processes 
generally characteristic of an animal, PLASMA 
55% 77% 
plasma \'plaz-mə\ n. ` 


l. MEDICINE and PHYSIOLOGY. A straw-colored, sticky fluid, com- 

posing more than half of blood and containing proteins, inor- sels CELLS 
ganic materials, digested food and wastes. It is sometimes dried, 
stored and used for transfusions when whole blood is not avail- 
able or suitable. 2, prrysics, A gas composed of electrically- 
charged particles with an equal, or nearly-equal, number of 


23% 
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free electrons and positive ions. It is formed only at tempera- 
tures higher than 50,000° C. and is believed to be the state of 
matter in stars. 


In the process of obtaining blood serum for transfusions, 
the blood-clotting protein, fibrinogen, is removed from the 
PLASMA. 


plasma physics \'plaz-ma ‘fiz-iks\ 
puysies. A branch of physics concerned with the electromag- 
netic control of plasma; see plasma (2), 


One practical concern of scientists specializing in PLASMA PHYS- 
ics is the development of a rocket engine in which plasma is 
accelerated to extremely-high exhaust velocities. 


plasmolysis \plaz-'miil-a-sas\ n. 
pioLocy. Shrinkage of cytoplasm within cells, caused by loss of 
water from the cells. 


A plant wilts when there is a general ruasmorysis in the cells 
of the supporting tissues. 


plastic \'plas-tik\ adj. 
1, prysics. Capable of being shaped or molded by pressure. 2. 
cuemistny. Referring to an object made from any one of a 
group of synthetic polymers or from mixtures of polymers with 
other substances. 


Ordinary laboratory glass tubing is vLastic at temperatures of 
400° C. and higher. 


plastids \'plas-tədz\ n. 
piorocy. Bodies in the cytoplasm of most plants and one-celled 
organisms that are associated with the formation or storage, or 
both, of food. When pigmented, they are called chromoplasts. 


Photosynthesis occurs in chlorophyll-containing rrastws called 
chloroplasts. 


plateau \pla-'tō\ n. 
EARTH SCIENCE. An elevated plain; a plain considerably above 
sea level or above surrounding land areas. A plateau may be 
cut by canyons or valleys or interrupted by mountains. 
Aptateau usually has at least one side that is a steep slope to 
lower land. 


platelet \'plat-lot\ n. 
anatomy, An irregularly-shaped, colorless body that is the 
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smallest of the solid particles in the blood. It plays an important 
role in blood clotting and is also called a thrombocyte. 


A riatener is about one-third to one-half the diameter of a red 
blood corpuscle. 


platinum \'plat-nom\ n. 
CHEMISTRY. A metallic element that is highly resistant to oxida- 
tion and corrosion by most chemicals. It is used for makin 
jewelry, laboratory apparatus that must withstand high tem- 
peratures and chemical attack and as a catalyst for certain 
chemical reactions. Symbol, Pt; atomic number, 78; atomic 
weight, 195.09, 


Since PLATINUM expands and contracts with temperature 
changes at about the same rate as Glass, it is frequently used 
when a wire must be sealed into a glass tube. 


playa lake \'pli-a '‘lak\ 
EARTH SCIENCE, A temporary lake in an arid or semiarid region. 
It is formed in a flat basin or an undrained area by a heavy rain. 


A PLAYA LAKE evaporates quickly and leaves an alkaline mud 


flat, or playa. 


pleura \'plir-o\ n, 
ANATOMY and zooLocy. In man and other mammals, a thin 
membrane that covers each lung and folds back to form a lin- 
ing for the inside of the thoraci cavity. The pleura secretes a 
mucus that permits free motion of the lungs in breathing; also, 
in arthropods, such as crayfish, shrimp or spiders, a heavy mem- 
brane that lines each side of a segment, 


A pleural cavity is formed between the PLEURA covering the 
lungs and that lining the chest, 


plexus \'plek-sas\ n. 
ANATOMY and zooLocy. An interlacement, or network, of 
nerves, veins or lymphatic vessels, 


The solar viexus located behind the stomach branches out to 
all of the organs within the abdominal cavity. 


plutonic \plii-'tin-ik\ adj, 
EARTH SCIENCE. Referring to a rock body of igneous origin; 
formed from molten rock. 
Granite is a PLUTONIC rock that formed far below the carth’s 
surface, 
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pluvial \'plii-vé-al\ adj. 
EARTH SCIENCE. Referring to rain, the action of rain or a period 
of abundant rain, 


Tropical forests and jungles have a vuuviax climate, 


pneumatics \n(y)i-'mat-iks\ n. 
puysics, The branch of physics that deals with the mechanical 
properties of gases. 
The air regulator in scuba (self-contained underwater breath- 
ing apparatus) equipment is an example of applied PNEUMATICS. 


PLUVIAL 

(CUMATE) p-n junction \'pé-en ‘jan(k)-shon\ 
puysics. The boundary between a p-region and an n-region in 
a transistor or other semiconductor. The p-region contains a 
trace of metallic impurity with a valence of +3, while the n- 
region contains a similar impurity with a valence of +5. When 
applied voltage forces electric current from the n-region to the 
p-region, the current meets very little resistance, but when 
voltage is applied in the opposite direction, the current meets 

+ great resistance and little, or no, current flows, 


ee eee | A crystal containing a v-N yuncrion can be used as a rectifier 
PY E | to change alternating current into pulsed direct current, 


7 point \'pòint\ n. 
MATHEMATICS, A geometric clement that has position but no 
P-N JUNCTION length, breadth, thickness or size, 


(IN SOLAR CELL) 
The place where two lines intersect is the rowr at which they 


meet, 


poikilothermic \(,)poi-kil-o-'thor-mik\ adj. 
zoo.ocy. Referring to an animal that does not maintain a body 
temperature independent of environment; cold-blooded; see 


homoiothermic, 


POLAR AIR MASS 


The body temperature of a vorktLoTiENsnc organism such as a 
toad or a frog is usually only slightly higher than the tempera- 
ture of the air or water around it. 


polar air mass \'põ-lər ‘a(a)r ‘mas\ 
EARTH SCIENCE. A body of air that originates or acquires its char- 
acteristics in polar regions and that moves toward lower lati- 


tudes. 


WARM ARa y 
~ 


A summer rotan am Mass usually brings fair weather to the 


central and eastern United States. 
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polar body \'pō-lər 'bäd-ē\ 
pioLocy. A small, nonfunctional cell produced during the 
meiotic divisions of egg production. It contains almost no cyto- 
plasm and may divide again if formed during the first meiotic 
division. 


A potar BODY degenerates soon after formation. 


polar circle \'põ-lər 'sar-kal\ 
EARTH SCIENCE. Either the Arctic circle, 23% degrees from the 
North Pole, or the Antarctic circle, 234 degrees from the South 
Pole. 


The part of the earth’s surface within a vouar ccie is clas- 
sified as a frigid zone. 


polar compound \'põ-lər 'käm-,paùnd\ 
CHEMISTRY. A compound that will conduct electricity when 
melted or dissolved in water. It is usually a crystalline sub- 
stance composed of two or more kinds of ions; an ionic com- 
pound. 


Table salt is a POLAR comrounn, but sugar, although crystalline, 
is not a polar compound. 


polar covalence \'põ-lər (')k6-'va-lon(t)s\ 
CHEMISTRY. The sharing of a pair of electrons between two un- 
like atoms in which the pair of electrons is attracted more by 
one atom than by the other. 


POLAR COVALENCE applies to the bonding in a water mole- 
cule, 


polar front \'pé-lor 'front\ 


EARTH SCIENCE. A surface or boundary between a polar air mass 
and a tropical air mass, 


In the Northern Hemisphere, a poLar FRONT moves farther 
south in winter than in summer. 


polarimeter \,p6-la-'rim-at-or\ n. 
CHEMISTRY and PHYSICS, An instrument that measures angular 
rotation of plane-polarized light passing through a liquid. The 


amount of angular rotation depends on the optical activity of 
the liquid. 


A POLARIMETER can be used to determine the concentration of 
certain sugar solutions, 
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polarity \p6-'lar-at-é\ n. 
puysics. A condition in which two points of an object or system 
have different electrical, magnetic or other characteristics. 


A coil of wire has magnetic rouarrry only when a current of 
electricity flows through it. 


polarization of light \,pd-le-ra-'za-shan av ‘lit\ 
puysics. The production of a beam of light in which all the 
electromagnetic waves vibrate in one plane. Light so produced 
is plane-polarized light. 


POLAR PROJECTION POLARIZATION OF LIGHT occurs when light passes through cer- 
tain filters or is reflected at certain angles from a nonmetallic 


surface. 


polar molecule \'põ-lər 'mäl-i-,kyü(ə)\ 
cuemustry. A covalent molecule, with an unequal distribution 
of electric charges, that is positively charged at one end and 
negatively charged at the other end; a molecule in which the 
center of negative charge does not coincide with the center of 
positive charge. 


A water molecule is a poLAR MOLECULE that underlies water's 
ability to dissolve such ionic substances as salt and copper sul- 


ate. 
POLE f 
Monos Polar projection \'pō-lər prə-'jek-shən\ 


EARTH SCIENCE. À map of a polar region made by projecting the 
surface features onto a plane surface tangent to the earth at 
the geographical pole; a gnomonic projection of a polar region 
with the pole located at the center. 


In a voLAR PROJECTION the meridians appear as straight con- 
verging lines, and the parallels of latitude appear as concentric 


circles. 


pole \'pol\ n. 
1. pnysics. A point from which magnetic or electric fields appear 
to come; also, an electrical connection through which electricity 
will flow. 2. EARTH scrENcE. A point on a sphere where its axis 
of rotation intersects the surface. 3. MATHEMATICS. Either of 
the two points at which a diameter perpendicular to a circle 
of a sphere intersects the sphere; the origin of the polar co- 


ordinate system. 


The metal knob on the top of a flashlight cell is an electrically- 
positive POLE. 


NORWAY 


POLLEN 


f pollen \'päl-ən\ n. 


sorany. Grains producing male sex cells. Pollen is formed in 
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pollination 


the anthers of flowers or in the male cones of evergreens and 
often appears as a yellow, white or red dust; also called micro- 


spores. 


POLLEN made to germinate on microscope slides allows a de- 
tailed study of the male gametophyte. 


pollination \,päl-ə-'nā-shən\ n. f 
BOTANY. A transfer of pollen from anther to pistil by wind, 
water, animals, gravity or, artificially, by plant breeders. 


Fertilization of ova may follow portation. 


polychromatic light \,piil-i-krd-'mat-ik ‘lit\ 
puysics. Light made up of many colors, or wavelengths. 


Sunlight is PoLycHROMATIC LIGHT, 


polyconic projection \,päl-i-'kän-ik pro-'jek-shon\ 

EARTH SCIENCE. A map of a part of the earth’s surface. Lines on 
the map that represent parallels of latitude are spaced in pro- 
portion to their distance apart on a globe. Hence, each parallel 
is a curved line as would appear on a cone tangent to the earth 
at that parallel. The central meridian appears as a straight 
north-south line, while all other meridians are curved lines con- 
verging toward the central meridian. 


A POLYCONIG PROJECTION is normally used only for small areas 
because it distorts land areas as the distance from the central 
meridian increases, 


polyethylene \ipäl-ē-'eth-ə-,lēn\ n. 
CHEMISTRY. One of a group of thermoplastics, usually manufac- 
tured as a thin sheet, that are used in food storage, garment 
protection and electrical insulation, and in a number of other 


areas where insulation or protection from moisture or chemicals 
is necessary, 


Foods are often frozen in bags made of PoLYETHYLENE, 


polygon \'päl-i-, gin\ n. 
MATHEMATICS. A closed plane figure formed by straight line 
segments, or sides, so that no two consecutive segments lie in 
the same straight line or no three or more segments have a 
point in common, 


A Potycon has as many interior angles as it has sides, 


polygraph \'pal-i-,graf\ n. 
MEDICINE and PHYSIOLOGY. An instrument used to record sey- 
eral different electrical or mechanical impulses simultaneously, 
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POLLINATION 


POLYCONIC PROJECTION 


POLYGON 


SS 


POLYMER 
(Polyethylene) 


MONOMER 
(Ethylene) 


eo 


@ Carbon atom 


O Hydrogen atom 


POLYMORPHISM 


polysaccharide 


such as pulse waves, blood pressure, respiratory movement 
and brain waves; popularly called a lie detector, 


A rotycrapH can be used to detect the physiological reactions 
that occur when a subject is not telling the truth. 


polyhedron \,päl-i-'hē-drən\ n. 


MATHEMATICS, A closed geometric solid formed by portions of 
plane surfaces called faces. 


The faces of a voLyuepRoN intersect in straight lines called the 
edges of the polyhedron. 


polymer \'päl-ə-mər\ n. 


CHEMISTRY., À compound of high molecular weight produced 
when small molecules link together to form larger molecules in 
a long chain. 

Polyisoprene, which is similar in structure to natural rubber, is 
@ POLYMER Of isoprene. 


polymerization \poa-,lim-o-ra-'zi-shan\ n. 


CHEMISTRY. A process by which two or more individual mole- 
cules (monomers) combine to form a large molecule (poly- 
mer). Usually, many small molecules join to form one very 
large molecule with a molecular weight of several thousand. 
It is used to produce such products as plastics and synthetic 
fibers. 

When styrene molecules in liquid form undergo POLYMERIZA- 
tion, they form polystyrene, a solid plastic often used to make 
cases for small radios, 


polymorphism \,piil-i-'mor-,fiz-om\ n. 


BIOLOGY. The occurrence of different forms within one species, 
as the female worker and queen among social insects and the 
medusa and polyp among coclenterates. 

The Portuguese man-of-war, made up of stinging, floating, 
feeding and reproductive individuals, exhibits complex rory- 
MORPHISM. 


polynomial \,pil-i-'nd-mé-al\ n. 
MATHEMATICS. An algebraic expression having one or more 
terms, but popularly considered to have two or more terms. 


A roLyNomIaL having three terms is called a trinomial, 


polysaccharide \,piil-i-'sak-a-,rid\ n. 
cuemistry. Any one of several carbohydrate compounds that 
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ampere 
Angstrom unit 

absolute 

alternating current (as an adjective) 
atomic mass unit 

atmosphere 

atomic weight 

astronomical unit 

avoirdupois 


one billion electron volts 
brake horsepower 

brake horsepower-hour 
boiling point 

British thermal unit 


temperature Celsius; temperature 
Centigrade 

candle 

calorie 

cubic feet per minute 

cubic feet per second 

centimeter-gram-second (system) 

centiliter 

centimeter 

square centimeter 

cubic centimeter 

coefficient 

cologarithm 

cosine 

cotangent 

candlepower 

cosecant 

cubic 

cubic foot 


decibel 
direct current (as an adjective) 
dozen 


electromotive force 

the base of the system of natural 
logarithms 

electron volt 


temperature Fahrenheit 
freezing point 

feet per minute 

feet per second 

foot; feet 

square foot 

cubic foot 


lb-ft 
Ib/ft? 
Ib /ft® 
Ib-in, 
l-hr 
lin ft 
log 
log. 
long. 


m 


ABBREVIATIONS 


footcandle 
foot-pound 


universal gravitational constant 
gram 

gallon 

gram-calorie 

gallons per minute 

gallons per second 


hour 

photon energy 
horsepower 

hertz (cycles per second) 


electric current 
inside diameter 
inch 

square inch 
cubic inch 
inch-pound 
inches per second 


joule 


temperature Kelvin (absolute) 
kilocalorie 

kilogram 

kilogram-calorie 
kilogram-meter 

kilograms per cubic meter 
kilograms per second 
kilometer 

kilovolt 

kilowatt 

kilowatt-hour 


liter; lumen 

latitude 

pound 

pound-foot 

pounds per square foot 
pounds per cubic foot 
pound-inch 
lumen-hour 

linear foot 

logarithm (common ) 
logarithm (natural) 
longitude 


meter; minute (time, in astronom- 
ical circles) 


min 
m-kg 
ml 
mm 
mm? 
mm? 
My 
mph 
mphps 
mv 


w 


yd 
yd? 
yd 


SCIENTIFIC SYMBOLS AND ABBREVIATIONS 


alpha particle 


~ beta particle 


positron 
gamma radiation 
a small change; heat 


wavelength; radioactive-decay con- 
stant 


milliampere 

microcurie 

microfarad 

microinch 

micron 

micromicron 
micromicrofarad 
frequency; neutrino 
3.14159; osmotic pressure 


= 


o 


2 


l 


"<BRAV ow 


the sum of 

nuclear cross section (barns); area 
electrical resistance (ohms) 
angular speed; angular velocity 
minute (angular measure) 
second (angular measure) 

male 

female 

is greater than 

is less than 

is proportional to 

infinity 

square root of 


degrees; temperature: angle measure- 
ment (example, 30°) 


g 
ue 


square meter 

cubic meter 
milliampere 

one million electron volts 
milligram 

millihenry 

mile 

square mile 

minute 

meter-kilogram 

milliliter 

millimeter 

square millimeter 

cubic millimeter 
millimicron 

miles per hour 

miles per hour per second 
millivolt 


Avogadro's constant 
factorial n 


outside diameter 
ounce 


rating on acid-alkaline scale 
parts per million 

pounds per square inch 

pounds per square inch absolute 


temperature Reaumur; resistance 
right ascension 

revolutions per minute 
revolutions per second 


secant; second 
sine 

specific gravity 
square 

tangent 


volt 
volt-ampere 


watt; work 


square yard 
cubic y 


molar concentration 

positive electric charge; mixed with; 
plus 

negative electric charge; single cova- 
lent bond; minus 

equals; double covalent bond; pro- 
duces 

does not equal 

triple covalent bond 

produces; forms; chemical reaction 

reversible chemical reaction 

gas produced by a chemical reaction 

precipitate produced by a chemical 
reaction 

radioactive substance (follows sym- 
bol of element; example, Cl° 


